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Introduction

Tobacco (Nicotiana tabacum L.) is 
a non-food crop that has worldwide economic 
relevance (Drescher et al., 2011). Its use results 
from transformation of the leaves (final product), 
previously selected and classified according to their 
quality, by the tobacco industry. According to data 
from Afubra (2019), the crop covers 149 thousand 
producing families in Brazilian southern region, 

providing 105 thousand seasonal jobs, mainly during 
the harvest period. The planted area of tobacco in 
Brazilian southern region was 297,460 hectares in the 
2017/2018 harvest with revenues of approximately 
0.57 billion dollars in current values.

The leaf area is an important index to 
reflect on the growing condition of tobacco (WANG et 
al., 2015) and is the main component of tobacco crop 
(Maw & Mullinix, 1992; Bozhinova, 2006). 
The leaf area index directly affects the photosynthetic 
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Abstract: Leaf area is an important growth variable in agricultural crops and the leaf is the main variable of interest in the tobacco 
industry. So, the aim of this scientific research was to estimate the Burley tobacco leaf area by linear dimensions of the leaves and to determine 
which mathematical model is more adequate for this purpose. Two experiments were carried out with Burley tobacco, cultivar DBH 2252, in 
2016/2017 and 2018/2019 agricultural years, respectively, in the municipalities of Itaqui and Vanini - RS - Brazil. In 600 leaves were measured 
length (L), width (W), length×width product (LW), length/width ratio (L/W) and determined the real leaf area (LA).  Four hundred and fifty 
leaves were separated to generate models of the leaf area as a function of linear dimension and the other 150 leaves were used for model’s 
validation. The power model LA = 0.5037LW1.04435 (R² = 0.9960) is the most adequate for Burley tobacco ‘DBH 2252’ leaf area estimation. 
Alternatively, the models LA=2.0369W1.8619 (R²=0.9796) and LA=0.1222L2.2771 (R²=0.9738) based on width and length, respectively, can be 
used when only one leaf dimension is measured.
Key words: Nicotiana tabacum L., image processing, mathematical models.

RESUMO: A área foliar é uma importante variável de crescimento em culturas agrícolas, sendo a folha a principal variável de interesse na 
indústria do tabaco. Assim, o objetivo deste estudo científico foi determinar a área foliar de tabaco tipo Burley por meio de dimensões lineares 
da folha e determinar qual modelo matemático é mais adequado para essa finalidade. Dois experimentos foram conduzidos com tabaco tipo 
Burley, cultivar DBH 2252, nos anos agrícolas de 2016/2017 e 2018/2019, respectivamente, nos municípios de Itaqui e Vanini, RS, Brasil. 
Em 600 folhas foram medidos o comprimento (L), a largura (W), o produto comprimento×largura (LW), a razão comprimento/largura (L/W) 
e determinada a área foliar real (LA). Foram separadas 450 folhas para a geração de modelos de estimativa de área foliar em função da 
dimensão linear e 150 folhas foram utilizadas para a validação dos modelos. O modelo LA = 0,5037LW1,04435 (R² = 0,9960) é adequado para a 
estimação da área foliar de tabaco Burley cultivar DBH 2252. Alternativamente, os modelos LA=2,0369W1,8619 (R²=0,9796) e LA=0,1222L2,2771 
(R²=0,9738) baseados na largura e comprimento, respectivamente, podem ser utilizados quando apenas uma dimensão da folha é medida.
Palavras-chave: Nicotiana tabacum L., processamento de imagens, modelos matemáticos.
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efficiency of the crops and is related to numerous 
ecophysiological processes in plant growth and yield 
(Moustakas & Ntzanis, 1998; TAN et al., 
2018). According to Liu et al. (2018), the leaf size is 
an important factor contributing to the photosynthetic 
capability and affects various agronomic traits. In 
this sense, Tang et al. (2018) highlighted that leaf 
size is the major determinant of the architecture 
and productive potential of many crops. Monitoring 
the evolution of the leaf area over time enables the 
evaluation of balanced vegetative growth (Sficas 
& Antoniou, 1989; Bozhinova, 2006). 
Studies that allow knowledge of the morphological 
characteristics, such as the leaf area, are still scarce 
in some crops and are important for physiologists, 
ecologists, technicians and farmers.

Leaf area measurement can be costly, time-
consuming and destructive, depending on the direct 
or indirect method used. Among the non-destructive 
(indirect) methods, those obtained from the 
dimensions of the leaf members with the generation 
of mathematical models that allow the prediction of 
the leaf area stand out (Maldaner et al., 2009). 
The use of these models allowed successive leaf 
measurements without harming the crop, with efficient 
estimates of the leaf area of ​​damaged and intact limbs. 
Such models can be used in the field by farmers, 
extensionists and consultants, without needing to 
purchase sophisticated devices to determine the leaf 
area, allowing the crop to be quickly, inexpensively, 
accurately and non-destructively monitored (TOEBE 
et al., 2012; 2019; CARGNELUTTI FILHO et al., 
2015a; b). Mathematical models have been proposed 
in crops to estimate leaf area, such as sunflower 
(Maldaner et al., 2009), coffee (Antunes et 
al., 2008; Unigarro-muñoz et al., 2015), rose 
(Rouphael et al., 2010), snap bean (Toebe et al., 
2012), jatropha (Pompelli et al., 2012), gladiolus 
(Schwab et al., 2014), canola (Cargnelutti 
Filho et al., 2015a), jack bean (Cargnelutti 
Filho et al., 2015b), Vitis vinifera L. (Buttaro 
et al., 2015), velvet bean (CARGNELUTTI FILHO et 
al., 2018) and squash (Toebe et al., 2019).

In most of the above-cited crops, the leaf is 
not the main product of interest. Conversely, leaf is the 
main commercial product of tobacco (Bozhinova, 
2006). Therefore, leaf area modeling becomes 
necessary in the crop. In this sense, mathematical 
models have been created by variety, leaf position, 
nitrogen treatments and growth stages (Maw & 
Mullinix, 1992; Moustakas & Ntzanis, 
1998; Bozhinova, 2006). In general, the models 
presented in the literature for tobacco are linear 

considering the length×width multiplication and 
correction coefficient (Maw & Mullinix 1992; 
Moustakas & Ntzanis 1998; Bozhinova 
2006). Maw & Mullinix (1992) tested linear and 
more complex models and concluded that the simplest 
models provided considerable precision. Posteriorly, 
Oh et al. (2001) proposed a geometric method of 
tobacco leaf area estimation by asymptotic curves. 
Models for Burley tobacco genotypes used in Brazil 
were not reported in the literature. Thus, the aim of 
this scientific research was to estimate the leaf area 
of Burley tobacco ‘DBH 2252’ by linear dimensions 
of the leaves and to determine which mathematical 
model is more adequate for this purpose.

Materials   and   Methods

Two experiments were carried out with 
Burley tobacco (Nicotiana tabacum L.), cultivar 
DBH 2252, in the municipalities of Itaqui - RS - 
Brazil and Vanini - RS - Brazil. The first experiment 
was conducted in the 2016/2017 agricultural year “in 
experimental station” of the Federal University of 
Pampa - campus Itaqui, municipality of Itaqui -RS,  
located at 29º09’21’’S latitude, 56º33’02’’W longitude 
and 74 m altitude, with soil classified as Haplic 
Plinthosol (SANTOS et al., 2013), Cfa subtropical 
climate by Köppen climate classification, annual 
average temperature between 20.1 and 21.0 ºC and 
precipitation between 1600 and 1700 mm (WREGE et 
al., 2012). The second experiment was carried out in 
the 2018/2019 agricultural year in a commercial field in 
the municipality of Vanini - RS, located at 28º48’82’’S 
latitude, 51º85’34’’W longitude and 757 m altitude, 
with soil classified as Haplic Nitosol (SANTOS et al., 
2013), Cfb warm temperate climate by Köppen climate 
classification, annual average temperature between 
16.1 and 17.0 ºC and precipitation between 1700 and 
1800 mm (WREGE et al., 2012).

In the first experiment, Burley tobacco 
‘DBH 2252’ seeds were sown on June 18th, 2016 in 
200-cell expanded polystyrene trays, with MacPlant® 

commercial substrate in protected environment using 
the floating system for irrigation. Seedlings were 
transplanted on September 17th, 2016, to five beds 
53 m long, 1.20 m wide and 0.35 m high, when the 
seedlings had six expanded leaves. In each bed, the 
seedlings were transplanted with 0.70 m spacing 
between plants, resulting in 75 plants for each bed, 
375 plants in total and a final population of 11905 
plants ha-1. The fertilization was performed according 
to crop recommendations (CQFS, 2016), with 60 
kg ha-1 of N, 120 kg ha-1 of P2O5, and 100 kg ha-1 of 
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K2O. In addition, topdressing fertilization was split 
into one application of 100 kg ha-1 of K2O and four 
applications of 45 kg ha-1 of N. 

In the second experiment, Burley tobacco 
‘DBH 2252’ seeds were sown on June 20th, 2018 
in 200-cell expanded polystyrene trays, using 
MacPlant® substrate. The transplant occurred on 
September 12th, 2018, when the seedlings had six 
expanded leaves. A spacing of 1.20 m between beds 
and 0.50 m between plants was used, with a final 
population of 16667 plants ha-1. In both experiments, 
the other cultural treatments including fertilizer doses 
were similar; however, soil conditions and prior area 
management were different.

To determine the leaf area, 600 expanded 
leaves were collected, being 500 leaves and 100 
leaves sampled in the first and second experiments, 
respectively. In the first experiment, at 67, 76, 87, 95 
and 104 days after transplantation, 100 leaves were 
randomly collected in the experimental area, every 
collection day. In the second experiment, 100 leaves 
were collected at 110 days after transplantation, in 
nine hectares of tobacco cultivation. The decision 
to collect leaves at different stages of development 
within the same experiment (first experiment) 
and; additionally, leaves from a commercial field 
(second experiment) in different agricultural years, 
locations and soil conditions aimed to ensure the 
wide applicability of the models generated. Length 
(L) and width (W) were measured in each leaf 
(Figure 1). Then, the length×width product (LW) and 
the length/width ratio (L/W) were calculated. After, 
the real leaf area (LA) of each leaf was determined 
through digital images. For this, leaves were 
scanned with a resolution of 300 dpi and these 
digital images were processed with Digimizer 
v.4.5.2® software (Medcalc Software, 2018) 
for real leaf area quantification. 

From each collection day, 75 leaves 
were randomly selected for generation and 25 for 
validation of the models. So, from the 600 measured 
leaves, 450 leaves (75% of leaves) were separated 
to generate models and 150 leaves (25% of leaves) 
to validation of the models. The number of leaves 
used in the model’s generation is higher than the 
minimum number recommended in the literature 
in researches of sample sizing (n) for the model’s 
generation of leaf area estimation in coffee (n = 
200 leaves, Antunes et al., 2008), jatropha (n = 
415 leaves, Pompelli et al., 2012), jack bean (n = 
200 leaves, Cargnelutti Filho et al., 2015b) 
and velvet bean (n = 240 leaves, CARGNELUTTI 
FILHO et al., 2018).

Position, variability and distribution 
measures for all variables (L, W, LW, L/W and 
LA) were calculated in leaves used for the model’s 
generation and validation. With all variables, frequency 
histograms and scatter plots (Figure 2) were constructed. 
Then, LA was modeled in function of L, W or LW by 
linear (LA = a + bx), quadratic (LA = a + bx + cx2), 
and power (LA = axb) models. In linear and quadratic 
models, the intercept was equals to zero (Schwab et 
al., 2014) and in the models using the LW product of 
the leaf, were performed the diagnosis of collinearity 
based on the variance inflation factor (Rouphael 
et al., 2010; Buttaro et al., 2015).

The validation of the models was performed 
based on the 150 values of leaf area estimated by the 
model (LAEi) and 150 observed values (LAi). Validation 
procedures and criteria for selecting the best models 
were carried out according to the procedures described 
by TOEBE et al. (2012). All statistical analyzes were 
performed using Microsoft Office Excel® application and 
frequency histogram and scatter plots were performed in 
R software (R Development Core Team, 2020).

Figure 1 - Linear measurements 
(length and width) 
of Burley tobacco 
(Nicotiana tabacum 
L.) cultivar DBH 
2252.
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Results   and   Discussion

In most collections, non-significant 
asymmetry deviations were observed, especially for 
the length (L) and width (W) variables (Table 1). In the 
last evaluations and in the general data for the model’s 
generation and validation, positive asymmetry for the 
length×width product (LW) and real leaf area (LA) 
was identified. Such asymmetry deviations can be 
explained by the high number of observations and the 
occurrence of some large leaves (with a great LW and 
LA). Regarding kurtosis, most of the significant 
deviations were negative, indicating platykurtic 
patterns, with a higher concentration of data at the 
extremities. However, in the general database used in 
the construction of the model, the pattern for LW and 
RA was leptokurtic, indicating a higher concentration 
of data in the central region. Such significant deviations 
also can be explained by the high number of observations 
that impact on statistical significance in the t-test.

In the generation and validation data, 
leaves of wide size spectrum were used (7.30 cm ≤ 

length ≤ 85.20 cm, 2.80 cm ≤ width ≤ 47.60 cm, 20.44 
cm2 ≤ length×width ≤ 4055.52 cm2, and 11.20 cm2 ≤ real 
leaf area ≤ 2893.62 cm2) (Table 1). In McN-944 tobacco 
genotype, Moustakas & Ntzanis (1998) verified 
in three agricultural years (1994, 1995 and 1996) leaves 
with length between 13.0 to 70.0 cm, width between 5.0 
to 34.0 cm and leaf area between 78.0 to 1100.0 cm2. 
The leaves used in the model’s generation and validation 
presented high values of variation coefficient (15.37% 
≤ CV ≤ 78.85% - Table 1). In this sense, the use of 
leaves with large size variability is important for the 
generating and validating of models with large use 
possibility. Lowest values of variation coefficient 
(CV) in the model’s generation and validation were 
observed for L and W (34.87% ≤ CV ≤ 46.93%) 
compared to that for LW and LA (64.41% ≤ CV ≤ 
78.85%). Similar patterns have already been described 
in other LA estimation studies (Toebe et al., 2012; 
2019; Cargnelutti Filho et al., 2015a). So, it 
can be concluded that the wide variability of leaf size, 
besides the collection in times and places contributed 
to the data adequacy of the proposed study.

Figure 2 - Frequency histogram (diagonally) and scatter plots for variables in 450 leaves used for generation and 150 leaves used for 
validation of the leaf area estimation models of Burley tobacco (Nicotiana tabacum L.) cultivar DBH 2252.
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Table 1 - Descriptive statistics for variables of leaves used in the model’s generation and validation of leaf area estimation in Burley 
tobacco (Nicotiana tabacum L.), cultivar DBH 2252. 

 

Variable(a) -----------------------------------------------------------------Descriptive statistics(b)--------------------------------------------------------- 

 Min Max Mean SD CV SE Asym(c) Kurt(d) 
---------------------------------Data collected at 67 days after transplantation in the first experiment (n = 100 leaves)------------------------------ 
L (cm) 7.30 51.70 32.00 13.01 40.66 1.30 -0.40 ns -1.19* 
W (cm) 2.80 36.40 18.20 9.51 52.27 0.95 -0.09 ns -1.18* 
LW (cm2) 20.44 1806.42 701.67 515.26 73.43 51.53 0.26 ns -1.09* 
L/W 1.30 2.88 1.95 0.40 20.61 0.04 0.61* -0.62 ns 
LA (cm2) 11.20 1320.48 475.57 364.48 76.64 36.45 0.37 ns -0.95* 
-------------------------------Data collected at 76 days after transplantation in the first experiment (n = 100 leaves)-------------------------------- 
L (cm) 9.90 58.50 36.95 13.46 36.42 1.35 -0.47* -0.84 ns 
W (cm) 3.50 40.70 20.12 9.69 48.17 0.97 -0.14 ns -1.08* 
LW (cm2) 35.64 2356.53 869.03 596.31 68.62 59.63 0.30 ns -0.84 ns 
L/W 1.42 2.92 2.02 0.41 20.47 0.04 0.62* -0.68 ns 
LA (cm2) 20.76 1622.51 602.31 428.64 71.17 42.86 0.34 ns -0.88 ns 
-------------------------------Data collected at 87 days after transplantation in the first experiment (n = 100 leaves)-------------------------------- 
L (cm) 14.70 62.10 42.36 11.00 25.96 1.10 -0.65* -0.37 ns 
W (cm) 6.30 36.90 22.10 6.87 31.10 0.69 -0.48* -0.58 ns 
LW (cm2) 92.61 2291.49 1010.18 497.65 49.26 49.77 -0.02 ns -0.67 ns 
L/W 1.68 2.34 1.96 0.16 8.15 0.02 0.73* -0.40 ns 
LA (cm2) 54.92 1647.06 692.03 356.61 51.53 35.66 0.03 ns -0.68 ns 
------------------------------Data collected at 95 days after transplantation in the first experiment (n = 100 leaves)--------------------------------- 
L (cm) 8.90 59.90 39.58 14.71 37.18 1.47 -0.49* -1.14* 
W (cm) 3.10 38.30 19.60 9.56 48.78 0.96 0.06 ns -1.22* 
LW (cm2) 27.59 2198.42 909.38 637.99 70.16 63.80 0.24 ns -1.20* 
L/W 1.50 2.87 2.17 0.34 15.75 0.03 -0.08 ns -0.96* 
LA (cm2) 18.84 1641.23 637.63 466.10 73.10 46.61 0.37 ns -1.02* 
------------------------------Data collected at 104 days after transplantation in the first experiment (n = 100 leaves)------------------------------- 
L (cm) 12.00 69.90 40.76 14.40 35.33 1.44 0.04 ns -0.70 ns 
W (cm) 6.50 41.70 21.62 8.37 38.74 0.84 0.35 ns -0.61 ns 
LW (cm2) 85.20 2698.14 995.29 673.23 67.64 67.32 0.78* -0.20 ns 
L/W 1.54 2.32 1.91 0.18 9.56 0.02 0.02 ns -0.66 ns 
LA (cm2) 43.99 2258.41 697.63 509.07 72.97 50.91 1.03* 0.59 ns 
------------------------------Data collected at 110 days after transplantation in the second experiment (n = 100 leaves)---------------------------- 
L (cm) 11.30 85.20 50.25 14.45 28.77 1.45 -0.19 ns 0.22 ns 
W (cm) 4.60 47.60 23.15 8.17 35.30 0.82 0.40 ns 0.70 ns 
LW (cm2) 51.98 4055.52 1272.49 764.78 60.10 76.48 1.14* 1.58* 
L/W 1.62 2.98 2.24 0.31 13.99 0.03 0.41 ns -0.52 ns 
LA (cm2) 37.14 2893.62 884.22 531.99 60.16 53.20 1.23* 2.04* 
-----------------------------------------------------Data used in the model’s generation (n = 450 leaves)------------------------------------------------- 
L (cm) 7.30 85.20 41.15 14.35 34.87 0.68 -0.25* -0.21ns 
W (cm) 2.80 47.60 21.19 8.74 41.24 0.41 -0.11ns -0.53* 
LW (cm2) 20.44 4055.52 987.74 636.17 64.41 29.99 0.73* 1.20* 
L/W 1.30 2.98 2.04 0.35 17.00 0.02 0.52* -0.26ns 
LA (cm2) 11.20 2893.62 683.03 455.19 66.64 21.46 0.79* 1.33* 
--------------------------------------------------Data used in the model’s validation (n = 150 leaves)---------------------------------------------------- 
L (cm) 9.20 72.30 37.82 15.11 39.95 1.23 -0.03ns -0.67ns 
W (cm) 3.60 41.70 19.61 9.20 46.93 0.75 0.07ns -0.77* 
LW (cm2) 34.04 2834.16 875.47 654.58 74.77 53.45 0.80* 0.20ns 
L/W 1.47 2.84 2.04 0.31 15.37 0.03 0.68* -0.11ns 
LA (cm2) 18.26 2258.41 610.50 481.40 78.85 39.31 0.99* 0.76ns 

 

(a) L = length; W = width; LW = length×width; L/W = length / width ratio; LA = real leaf area. (b) Min = minimum; Max = maximum; 
Mean = mean; SD = standard deviation; CV = coefficient of variation; SE = standard error; Asym = asymmetry; Kurt = kurtosis. 
(c)*Asymmetry differs from zero by the t-test at 5% probability level. ns non-significant. (d)*Kurtosis differs from zero by t-test at 5% 
probability level. ns non-significant. 
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Linear and nonlinear associations between 
L, W, LW, L/W and LA were observed in data 
utilized in the model’s generation and validation 
(Figure 2 and 3). Linear patterns can be observed 

between L and W and between LW and LA. The 
other associations indicated non-linear relationships. 
The patterns are similar between the data used in the 
generation and validation of the models. So, models 

Figure 3 - Linear, quadratic and power models for the real leaf area (LA) estimation as a 
function of linear dimension: a) Length; b) Width; c) Length×Width product, 
generated based on n = 450 leaves and coefficient of determination (R2) in each 
model for Burley tobacco (Nicotiana tabacum L.) cultivar DBH 2252.
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of different types were generated and validated. If the 
length is used as the single leaf dimension for the LA 
estimation, the model LA=0.1222L2.2771 (R²=0.9738) 
presented the best adjustment, followed by the model 
LA=0.3848L2-1.1068L (R²=0.9141 - Figure 3a). If the 
width is used as the single leaf dimension for the LA 
estimation, the model LA=2.0369W1.8619 (R²=0.9796) 
provided the best adjustment, followed by the model 
LA=1.0174W2+7.1057W (R²=0.9502 - Figure 3b). 
For models generated from the LW, the prediction has 
similarity in the three model types (Figure 3c), being 
that the power (LA=0.5037LW1.04435, R²=0.9960), 
quadratic (LA=0.00001LW2+0.6767LW, R²=0.9910), 
and linear model (LA=0.6976LW, R²=0.9905), which 
presented high reliability. 

Mathematical models of LA in function 
of L, W, or LW were also generated in sunflower 
(Maldaner et al., 2009), coffee (Antunes 
et al., 2008; Unigarro-muñoz et al., 
2015), rose (Rouphael et al., 2010), snap bean 
(Toebe et al., 2012), jatropha (Pompelli et al., 
2012), gladiolus (Schwab et al., 2014), canola 
(Cargnelutti Filho et al., 2015a), jack 
bean (Cargnelutti Filho et al., 2015b), 
Vitis vinifera L. (Buttaro et al., 2015), velvet 
bean (CARGNELUTTI FILHO et al., 2018) and 
squash (Toebe et al., 2019). In general, the models 
presented high prediction capacity and reliability.

The model LA=0.6976LW (R²=0.9905) 
presented high reliability (Figure 3c). In this case, the 
correction factor is 0.6976 multiplied by the LW. In 

the NC2326 tobacco genotype, Maw & Mullinix 
(1992) identified the need to use a correction factor 
of 0.56 to 0.61 multiplied by LW, depending on 
the evaluation year. The authors also reported that 
the correction coefficient ranged from 0.42 to 0.69 
depending on the year and the position of the leaf 
on the plant. The precision of these models was high 
(R2≥0.958). In Burley tobacco, Bozhinova (2006) 
identified the need for multiplication of the LW by 
correction coefficient from 0.64 to 0.71 depending on 
genotype and leaf position on the stalk. According to 
the author, the correction coefficient should be 0.71 
for ‘Burley 1000’ and 0.69 for ‘Burley 21’ regardless 
of the stalk position. For ‘Burley 1317’ the correction 
coefficient oscillated between 0.64 and 0.68 
depending on plant zones. In the McN-944 tobacco 
genotype, Moustakas & Ntzanis (1998) 
identified the need to use an estimated empirical 
constant of 0.653 multiplied by LW. According to the 
authors, no differences were reported in the estimated 
empirical constant between nitrogen treatments and 
growth stages, having the model been validated 
in different years, soil types and growth stages. In 
the present study, although, the models could be 
generated by evaluation date, location and year, 
general models were generated with a greater number 
of observations, consistency and scenarios. As a 
result, the good indicators of these models (Figure 3 
and Table 2) indicated that they are valid and have 
greater coverage than models generated for specific 
conditions, which could limit their use.

 

Table 2 - Models validation based on indicators: linear coefficient (a), slope coefficient (b), Pearson correlation coefficient (r) and 
determination coefficient (R2), mean absolute error (MAE), root mean square error (RMSE) and d Willmott index (d), 
calculated between observed and estimated leaf area of 150 leaves of Burley tobacco (Nicotiana tabacum L.), cultivar DBH 
2252. 

Model Type Independent variable a(a) b(b) r(c) R2 MAE RMSE d 

1) Linear Length 356.724 * 0.531 * 0.94 * 0.884 204.462 254.006 0.832 
2) Quadratic Length 64.432 * 0.870 * 0.969 * 0.940 73.195 123.787 0.951 
3) Power Length 23.466 ns 0.923 * 0.968 * 0.938 71.113 122.084 0.952 
4) Linear Width 292.653 * 0.638 * 0.959 * 0.921 173.844 208.993 0.894 
5) Quadratic Width 53.821* 0.921 * 0.988 * 0.977 53.469 77.655 0.982 
6) Power Width 26.093 * 0.958 * 0.988 * 0.977 47.975 72.976 0.983 
7) Linear Length×Width 36.186 * 0.941 * 0.992 * 0.984 33.489 63.783 0.988 
8) Quadratic Length×Width 26.542 * 0.950 * 0.992 * 0.985 31.421 61.131 0.988 
9) Power Length×Width 15.889 * 0.962 * 0.992 * 0.985 30.605 59.848 0.989 
(a)*Linear coefficient differs from zero, according to the t test at P<0.05. ns non-significant. (b)*Slope coefficient differs from one, 
according to the t test at p<0.05. ns non-significant. (c)*Pearson correlation coefficient differs from zero, according to the t test at p<0.05. 
ns non-significant. 
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Regardless of the dimension considered 
(L, W, or LW), the power model provided the best 
adjustment (0.9738≤R2≤0.9960 - Figure 3a, b, c). 
The superiority of this model’s type, especially 
when only one dimension of the leaf is considered, 
has been described in the literature in other crops, 
as coffee (Antunes et al., 2008), sunflower 
(Maldaner et al., 2009), jatropha (Pompelli et 
al., 2012), gladiolus (Schwab et al., 2014), canola 
(Cargnelutti Filho et al., 2015a), jack bean 
(Cargnelutti Filho et al., 2015b) and velvet 
bean (CARGNELUTTI FILHO et al., 2018). In the 
validation phase, the power models based on L, W or 
LW and the linear and quadratic models based on 
LW presented the best indicators (Table 2). Among 
these models, the model LA=0.5037LW1.04435 was 
superior in all validation indicatives between LAEi 
and LAi. It was verified low collinearity between 
L and W (VIF = 6.90), indicating the absence of 
collinearity problems (Rouphael et al., 2010; 
Buttaro et al., 2015). So, there is no problem 
to use LW in the generation of Burley tobacco leaf 
area estimation models. Thus, the power model 
LA=0.5037LW1.04435 (R²=0.9960) is recommended 
for LA estimation of Burley tobacco ‘DBH 2252’, 
considering the low collinearity and the good 
adjustments previously described for this model. 
If the researcher chooses to evaluate only one leaf 
dimension, can use the models LA=2.0369W1.8619 
(R²=0.9796) and LA=0.1222L2.2771 (R²=0.9738) 
based on width and length, respectively, which good 
indicators, being slightly inferior to the power model 
obtained by the product LW.

Conclusion

The power model LA=0.5037LW1.04435 
(R²=0.9960) is the most adequate for leaf area 
estimation of Burley tobacco ‘DBH 2252’. Alternatively, 
the models LA=2.0369W1.8619 (R²=0.9796) and 
LA=0.1222L2.2771 (R²=0.9738) based on width and 
length, respectively, can be used when only one leaf 
dimension is measured.
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