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Abstract
Leaf area estimation is a very important indicator in studies related to plant anatomy,
morphology and physiology, and in many cases, it is a fundamental criterion to understand
plant response to input conditions. Although there are leaf area prediction models have been
produced for some plant species, a leaf area estimation model has not yet been developed for
the zucchini. The objective of this paper was to determine the leaf area based on destructive
and non-destructive methods for zucchini. The accuracy of measurement methods was
evaluated and compared to determinations of the leaf area by the scanning integration method
(LICOR equipment LI 3100C), considered as standard procedure. Non-destructive methods
consisted of digital photography and measurement of leaf dimensions (width and length)
based on ImageJ software. The destructive methods used were a) leaf area integrator
LI-3100C, b) determination of leaf mass and c) weighing of leaf discs punched from the
leaves. According to statistical parameters that evaluate the performance of the analyzed
methods: determination coefficient (R2), Pearson (r) correlation coefficient, Willmott
agreement index (d) and Camargo and Sentelhas performance index (c) the parameters
presented values higher than 0.8820, classifying the methods as very good, whereas the
modeling efficiency index (NSE) and the percentage of bias (PBIAS) also classified the
methods as very good (0.87≤NSE≤0.99; -4.80≤PBIAS≤1.40), except the ImageJ method
without correction (NSE=0.77; PBIAS = -22.70).
Keywords: Curcubita pepo L., biometry, digital image, multiple regression analysis
1. Introduction
The zucchini (Curcubita pepo L.) is a vegetable from the Cucurbitaceae family, originating
from Mexico and northern Central America (Cardoso and Souza Neto, 2016) and along with
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melon, watermelon, and cucumber belong to the same family, representing about 20% of
world vegetables production (Bianchini, 2013). In Brazil, it is among the 10 vegetables with
the highest economic value and highest production, especially in the center and south of the
country. Its cycle lasts from 45 to 80 days, and it can be cultivated in the field, both in
summer and spring (Camargo, 1981; Lopes et al., 2017).
Among the cucurbits, the zucchini is of great economic importance, especially in the state of
São Paulo, where the largest planting areas in Brazil are concentrated (Koch, 1995).
According to the Agricultural Economics Institute (IEA, 2019), in 2017, São Paulo state
produced 64,876 Mg of zucchini, which represents a growth of 121% since 2006. However,
despite the economic importance and nutrition of the zucchini, studies involving its
physiology and related parameters such as leaf area, which is a variable indicating the
potential yield of agricultural crops, are still needed.
Leaf area estimation provides a basis for physiological studies related to vegetative growth,
photosynthetic relationships and plant-atmosphere processes. Leaf area and weight are good
indicators of plant growth, from which growth parameters can be estimated (Salazar et al.,
2018). Understanding the growth and development of the zucchini helps in the
implementation of management techniques for the high yield of its production.
Leaf area estimation can be performed using measuring instruments (destructive methods) or
regression models (non-destructive methods), and the advantages are related to their
applications (Francisco et al., 2014). According to Schwab et al. (2014), destructive methods
have the disadvantage that they are not applicable in situations where the quantity of samples
is limited and/or when other parameters of the experiment will be evaluated for a long period
of time, which makes it impossible to destroy the experimental units plots for direct
measurements of the leaf area. On the other hand, non-destructive methods can be used to
track the growth and leaf expansion of the same plant until the end of the cycle, as well as
being fast and accurate.
Different destructive methods: planimeter, weighing method, hand scanners and optical laser
devices for example, were developed to determine the leaf area; however, these procedures
require leaf extraction, thus compromising plant development.
In general, studies in which it is necessary to evaluate crop growth in controlled cultivation
environments require samples obtained by destructive methods, but this type of sampling is
not feasible when it is necessary to measure growth of the same leaf over time (Salazar et al.,
2018). An alternative is the use of regression models in which area and leaf weight can be
predicted by parameters that correlate well with the variables of interest, without the need for
destructive sampling techniques.
Non-destructive methods as linear regression with leaf physical linear dimensions and use of
imaging software, for example, provide time savings compared to destructive methods and
may be less expensive. Additionally, the models allow researchers to determine the leaf area
of plants with the least variability and error (Serdare and Demirsoy, 2006), during different
stages of crop development.
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In this context, the present work aims to evaluate the performance of the destructive and
non-destructive methods in the estimation of the leaf area of zucchini.
2. Materials and Methods
2.1 Cultivation Conditions
The work was carried out in a greenhouse and at the Department of Biosystems Engineering
of the Luiz de Queiroz College of Agriculture/ University of São Paulo, Piracicaba, Brazil.
The zucchini plants Corona F1 hybrid were grown in a protected environment and packed in
8.2 dm3 polyethylene pots using the commercial AgroLink® Biogrow Fiber/Standard
compound substrate using 1.0 x 0.5 m plant spacing. Fertigation management was daily with
the use of Hoagland and Arnon (1950) nutrient solution under drip irrigation.
2.2 Sampling and Processing of Leaves
The leaves were collected at 62 days after transplanting the seedlings of zucchini, because it
is the period with the largest leaf area of the crop, presenting the maximum diversity of
leaves. The healthy leaves were collected from 32 plants, being 3 or 4 leaves per plant, with a
total of 103 leaves analyzed. Collection was performed randomly throughout the plant in
order to have greater diversity in leaf limb sizes. The wide variability of leaf size allows the
existence of extreme values which, is important in the modeling and representativeness of the
generated models.
The methods Leaf area determination methodologies were applied individually to each of the
103 leaves, initially the non-destructive and then the destructive methodologies were
performed (Figure 1). The non-destructive methods consisted of digital photography (ImageJ)
and the measurement of leaf main linear dimensions (width and length). The destructive
methods used were the reading by the leaf area integrator LI-3100C, the determination of leaf
mass and the weighing of discs collected in the leaves (Figure 1).

Figure 1. Flowchart with the order of leaf area determination processes by different methods.
2.3 Leaf area by ImageJ Method
For determination of leaf area with digital analysis, leaves were photographed under white
background with a fixed scale of 10 cm. The camera used was a Canon®, model PowerShot
SX170 IS. For the analysis, the free software ImageJ (Schindelin et al., 2015) was used. First
the image was indexed to 8 bit, with 256 shades of gray to increase the contrast, and in
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sequence was performed on binary processing and recognition of the scale (Figure 2). Finally,
the area was determined using the Measure tool from the Analyze menu.

Figure 2. General layout and photo ImageJ image before treatment (A), sheet after indexing
of 8-bit 256 gray shades (B) and after processing in binary (C)
However, the method by ImageJ was necessary to make a correction, due to errors related to
the curvature of the camera lens, to avoid underestimation. The area was determined by the
method with square images of known areas and a correction equation was determined (Figure
3). The method with the corrected data was named the corrected ImageJ.

Figure 3. Equation for correction of ImageJ data; where: y = actual area; x = area estimated
by ImageJ
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2.4 Leaf Area by Biometric Variables of Zucchini Leaves
The determination of leaf area based on the dimensions of the leaves, which are: a maximum
width perpendicular to the central rib (L) and the length along the central web (W) leaves
(Figure 4) was carried out with a precision ruler (millimeter).

Figure 4. Determination of width (A) of the axial length of the sheet (B) and leaf area based
on the circumscribed triangle (C)
The leaf dimensions were related to the leaf area obtained with the LI-3100C scanner through
adjustments to multiple regression models and estimation of approximation coefficient to the
area of a triangle (Figure 4C) with independent variables as leaf width ( W), the leaf length
(L), the leaf mass (FW) and the product of the width and length (L x W). The best fit models
were selected by evaluating the CP Mallow statistic, the determination coefficient (R²), the
adjusted determination coefficient (Raj) and the Akaike Information Criterion (AIC) (Akaike,
1974).
2.5 Leaf Area by Integrator LI-3100C
The leaf area determination method considered as standard in the present study was leaf area
integrator LI-3100C (LI-3100C, LI-COR, Lincoln, Nebraska, USA). The 103 leaves were
placed separately in the equipment, and samples individual areas were obtained in cm2
(Figure 5).
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Figure 5. Leaf area measurement by the leaf area integrator LI-3100C (A) and detail of the
leaf passage through the scanner (B).
2.6 Leaf Area by Disc Method
In the leaf disc method, two polyvinyl chloride (PVC) punction samplers with areas of 1.13
and 3.74 cm²were used to collect samples along the leaf limb of small and large leaves,
respectively. The number of discs ranged from six to ten, depending on the size of the
analyzed leaf. Initially, the whole leaves were weighed and then the disks were sampled
(Figure 6) and weighed on an analytical balance, accurate to 0.01 g. Leaf area was estimated
by Equation 1 (coming from the rule of three):
Eq. 1

Where: FA = estimated leaf area (cm²); MI = mass of whole leaf (g); NC = number of circles
taken from the sheet; AM = PVC sampler area (cm²); and MC = fresh mass of sampled
circles (g).

Figure 6. Sampling tool (PVC tube), leaf after sampling and leaf disc samples
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2.7 Performance Indices
The generated models and the direct methods to estimate the leaf area were evaluated for
their performance by the following statistical indices and errors: Determination coefficient
(R2), Willmott Agreement Index (d) (Willmott, 1981), Confidence Index (c) (Camargo and
Sentelhas, 1997), Mean Error (ME), Mean Absolute Error (MAE), Modeling Efficiency
Index (NSE) (Nash and Sutcliffe, 1970) and Percent Bias (Yapo et al., 1996), determined by
Equations 2, 3, 4, 5, 6, 7 and 8, respectively:
Eq. 2

Eq. 3

Eq. 4

Eq. 5

Eq. 6

Eq. 7

Eq. 8

Where: R2 - Coefficient of determination; d - Willmott Agreement Index, c - Confidence
Index; MS - mean error; MAE - Mean absolute error; NSE - Modeling Efficiency Ratio;
PBIAS - percentage bias; n - number of observations; Obsi - leaf area obtained by LI-3100C;
Esti - leaf area estimated by other methods;

- average leaf area obtained by LI-3100C;

- average leaf area estimated by the other methods.
The model classification according to its performance (very good, good, satisfactory and
unsatisfactory) was based on the numerical evaluation table presented in Table 1.

301

http://jas.macrothink.org

Journal of Agricultural Studies
ISSN 2166-0379
2020, Vol. 8, No. 3

Table 1. Qualitative performance evaluation criteria for the statistical indices of leaf area
determination methods (adapted from Moriasi et al., 2015)
Indices

Statistical Evaluation Criteria
Very good

Good

Fair

Poor

R²

> 0,85

0,75 < R² ≤ 0,85

0,60 < R² ≤ 0,75

≤ 0,60

d

> 0,90

0,85 < d ≤ 0,90

0,75 < d < 0,85

d ≤ 0,75

c

> 0,84

0,66 < c ≤ 0,84

0,61 < c ≤ 0,66

c ≤ 0,61

NSE

> 0,80

0,70 < NSE ≤ 0,80

0,50 < NSE ≤ 0,70

≤ 0,50

PBIAS (%)

< ±5

± 5 ≤ PBIAS ≤ ± 10

± 10 ≤ PBIAS ≤ ± 15

PBIAS ≥ ± 15

3. Results
The modeling of leaf area estimation as a function of leaf dimensions (width and length) and
mass was performed using multiple regressions, adopting Mallows' Cp statistics (Figure 7)
and the coefficient of determination as the best selection criteria. (R2) (Table 2). From the
models defined by regression variables, the models W – WxL; W – L – FW; L – FW – WxL;
W – L – FW – WxL and the circumscribed triangle because they have a lower value of AIC
being these, 850.84, 843.12, 818.86, 814.57 and 850.12, respectively (Table 2).

Figure 7. Selection of subsets of biometric variables of zucchini leaves by the Mallows' Cp
statistics for leaf area modeling. Where: W - leaf width; L - leaf length; FW - the mass of the
leaf; WxL - product of width and length
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Table 2. Performance indices for the Multiple Regression and Circumscribed Triangle models
Model parameters

R2

R2Adj

AIC

Y= -125.331 + 14.201 . W + 3.862 . L

0.96

0.95

939.14

Y = -14.9949 + 1.80696 . W + 0.4968 . (L x W)

0.98

0.98

850.84

Y = -75.861 + 6.7083 . W + 3.5727 . L + 18.1823 . FW

0.98

0.98

843.12

Y = -12.857 + 1.1678 . L + 11.0949 . FW + 0.3704 . (L x W)

0.99

0.99

818.86

0.99

0.99

814.57

0.99

0.99

850.12

Model

Multiple
Regression

Y = -26.769 + 2.7242 . W + 0.77837. L + 11.4251 . FW + 0.2924. (L
x W)
Circumscribed

Y = 1.09039. (WxL)/2

Triangle

The performance indices coefficient of determination (R2), Pearson correlation coefficient (r),
Willmott agreement index (d) and Camargo and Sentelhas performance index (c), presented
values higher than 0.89 for all leaf area determination methods. Thus, they were classified as
very good (Table 3).
Table 3. Performance indices for leaf area determination methods
Methods

R2

RMSE

MAE

EMAX

r

d

c

Leaf Discs

0.89

39.33

26.85

126.35

0.94

0.97

0.93

0.87

ImageJ

0.97

53.76

44.65

107.67

0.98

0.93

0.95

0.77 -22.70

Corrected ImageJ

0.97

20.82

14.94

65.31

0.98

0.99

0.98

0.96

-4.80

W – WxL

0.98

14.48

10.55

54.20

0.99

0.99

0.99

0.98

0.00

W – L – FW

0.98

13.81

10.93

36.71

0.99

1.00

0.99

0.98

0.00

L – FW – WxL

0.99

12.27

8.86

37.90

0.99

1.00

0.99

0.99

0.00

W – L – FW – WxL

0.99

11.91

8.73

36.29

0.99

1.00

0.99

0.98

0.00

Circumscribed Triangle

0.99

14.71

10.66

58.91

0.99

0.99

0.99

0.98

0.40

NSE PBIAS
1.40

R2 - Coefficient of determination; RMSE - mean square error, MAE - mean absolute error,
EMAX - absolute maximum error, r -Pearson correlation coefficient d - Willmott Agreement
Index, c - Confidence Index, NSE - Modeling Efficiency Ratio and PBIAS - percentage bias
Regarding the observed data deviation indicators in relation to the LI-3100C, root mean
square error (RMSE), mean absolute error (MAE) and absolute maximum error (EMAX)
showed smaller deviations for corrected ImageJ methods, and the leaf dimension models (W WxL; W - L - FW; L - FW - WxL; W - L - FW - WxL; and circumscribed triangle), thus
indicating a better relationship of methods and models. In contrast, discs and ImageJ methods
without correction showed higher values of deviations (Table 3).
In turn, the modeling efficiency index (NSE) and percentage bias (PBIAS) rated the methods as
very good, except for the uncorrected ImageJ method, which was good for NSE (0.7672) and
unsatisfactory for PBIAS (-22.7), due to the underestimation observed (Table 3 and Figure 8B).
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Figure 8. Relationship of reference leaf area (LI-3100C) to leaf area determined by leaf disc
methods (A), ImageJ software (B) and corrected ImageJ software (C) and circumscribed
triangle models (D) and models multiple regression model W - WxL (E), L - FW - WxL (F),
L - FW - WxL (G) and W - L - FW - WxL (H)
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4. Discussion
The measured area by the leaf disc method is directly related to their mass. In this sense,
Labbafi et al. (2017) observed for the zucchini crop that the fresh and dry leaf mass presented
a high correlation with the leaf area index (LAI), which expresses the canopy leaf area per
unit of soil surface. Through these relationships, the authors estimated the LAI and noticed
higher coefficients of determination (R²) between fresh and dry leaf mass in relation to other
plant biometric data.
Considering the high relationship between mass and leaf area, Lavanhole et al. (2018)
adopted the leaf disc method as a reference to obtain the variable for Aechmea blanchetiana
(Baker) L. B. SM, by modeling from the length and width of the leaves. The obtained models
were classified as adequate and presented determination coefficients (R2) between 0.70 and
0.74.
Obtaining the leaf area by the leaf disc method presented the highest absolute maximum error
(EMAX) of 126.35 (Table 3) and the increased dispersion of the observations for leaves with
larger areas in relation to the midline (Figure 8A), compared to the other methods. One of the
possible sources of error of this method is related to the sampling in ribbed places (Figure 5),
which allowed samples with different rib proportions. Another factor to consider is the
percentage of sampled leaf area; because the leaves with the largest leaf area had a smaller
sampled area, which justifies the greater dispersion of the observations (Figure 9).

Figure 9. Percentage of area sampled in the leaf disc method as a function of leaf area
In the present study, to determine the leaf area by ImageJ, it was necessary to perform a
correction because the method underestimated the area observed by the LI-3100C (Figure 8B)
due to errors arising from camera lens curvature. With the correction, the NSE and PBIAS
evaluation criteria were improved, which became qualified as very good. According to Rios
et al. (2018), the camera lens generates distortion, especially at the edges of the captured
image. Therefore, calibration with images from known areas is recommended.
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Zárate-Salazar et al. (2018), compared different software for determining the leaf area and
verified that ImageJ has the necessary accuracy and precision for the research. The authors
emphasize the practicality and ease of installation and handling, in addition of being a free
software, with access available to any user. Additionally, Katabuchi (2015) and Santana et al.
(2018) also verified that the automation of ImageJ by the R system with the LeafArea
package proved to be a very efficient application with high precision and easy calibration in
leaf area estimation, which reduces working time.
The circumscribed triangle model, which is based on the correlation between the leaf area
observed by the LI-3100C and the area of a triangle, showed lower AIC value and
performance indexes classified as very good (Tables 2 and 3), with the correction where the
actual leaf area is larger than the triangle area. Thus, the model equation, given by Y =
1.09039.(W x L)/2, demonstrates that the leaf area is about 9.04% larger than the triangle area
(Figure 8D).
Models that use simple relationships between width (W) and length (L) can facilitate leaf area
estimation and approximate leaf areas to areas of a known geometric figure (such as the
triangle or rectangle, for example). In this context, Maldaner et al. (2009) identified models to
estimate sunflower leaf area (Helianthus annuus L.), among which one uses the W x L ratio,
with an equation similar to the area of a rectangle (Y = 0.7330. W x L). Such model presented
good correlation (R2 = 0.97) and RMSE equal to 145.6. Cargnelutti Filho et al. (2015) also
identified a good fit of the linear model based on the W x L ratio to estimate the leaf area of
three canola hybrids (Brassica napus L.), with R2 ranging from 0.95 to 0.97.
The coefficient of determination of the multiple regression models, using the variables of leaf
width, length and mass of the zucchini leaf, ranged from 0.96 to 0.99 (Table 2), classifying
the models as very good and superior to leaf area models of several other cultures. Salazar et
al. (2018) used the non-destructive method to estimate the leaf area of cacao
(Theobromacacao L.) using leaf length and width, obtained a coefficient of determination
higher than 0.90.
Serdar and Demirsoy (2006) also used length and width measurements to estimate the leaf
area of Brazil nut (Castanea sativa) and in the adjustment of multiple regression models,
reached a coefficient of determination greater than 0.89. Koubouris et al. (2018) estimated the
leaf area of ten olive (Olea europaea) cultivars submitted to two water availability regimes
(irrigated and rainfed). The linear equation was adjusted by the product between length and
width, in which for the estimation of the irrigated olive leaf area the coefficient of
determination was 0.953 and for rainfed 0.927.
It is noteworthy that the circumscribed triangle and multiple regression models, generated in
the present work, with the biometric characteristics present very good performances, but are
limited to the species, and even to the studied cultivar. In contrast, the other methods may be
more practically applied to studies of other cultures.

306

http://jas.macrothink.org

Journal of Agricultural Studies
ISSN 2166-0379
2020, Vol. 8, No. 3

5. Conclusions
The non-destructive methods ImageJ corrected and the linear regression models between the
leaf dimensions and the circumscribed triangle, presented better performance to obtain the
zucchini leaf area.
Prior calibration of the ImageJ method is required to estimate the most accurate leaf area.
The classic method of leaf disks presented inferior performance.
Non-destructive methods in determining leaf area facilitate in making accurate decisions in
crops or in greenhouse crops, as the leaf area is directly correlated with solar interception and
its effects on biomass production and yield, for example.
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