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A B S T R A C T
The Leaf Area Index (LAI) is a key parameter to evaluate the vegetation spectral response, 
estimating plant nutrition and water requirements. However, in large fields is difficult to 
obtain accurate data to LAI determination. Therefore, the objective of this study was the 
estimation of LAI, biomass and yield of irrigated cotton through digital hemispherical 
photography. The treatments consisted of four nitrogen doses (0, 90, 180 and 270 kg ha-1) 
and four phosphorus doses (0, 120, 240 and 360 kg ha-1). Digital hemispherical photographs 
were collected under similar sky brightness conditions at 60 and 75 days after emergence 
(DAE), performed by the Digital Plant Canopy Imager - CI-110® of CID Inc. Biomass and 
LAI measurements were made on the same dates. LAI was also determined by destructive 
and non-destructive methods through a leaf area integrator (LI-COR® -LI-3100C model), 
and by measurements based on the midrib length of all leaves, respectively. The results 
indicate that the hemispherical images were appropriate to estimate the LAI and biomass 
production of irrigated cotton, while for the estimation of yield, more research is needed 
to improve the method.

Estimativa de variáveis biofísicas do algodoeiro
por meio de fotografia hemisférica
R E S U M O
O Índice de Área Foliar (IAF) é um parâmetro essencial na avaliação da resposta espectral da 
vegetação e estimativa das necessidades nutricionais e hídricas das culturas, porém é difícil 
obter sua estimativa de forma rápida e precisa em grandes áreas. O objetivo deste estudo foi 
a estimativa do IAF, da biomassa aérea e da produtividade do algodoeiro irrigado por meio 
de fotografia hemisférica digital. O experimento consistiu de uma combinação fatorial de 
quatro doses de nitrogênio (0, 90, 180 e 270 kg ha-1) e quatro de fósforo (0, 120 e 240 e 360 
kg ha-1). As fotografias hemisféricas foram obtidas em condições similares de intensidade 
de brilho no céu aos 60 e 75 dias após a emergência (DAE) utilizando-se o Digital Plant 
Canopy Imager - CI-110® da CID Inc. O IAF também foi obtido por métodos destrutivos e 
não-destrutivos com o uso de um integrador de área foliar da LI-COR® modelo LI-3100C e 
por medições baseadas no comprimento da nervura central de todas as folhas. A análise de 
imagens hemisféricas obtidas por meio do Digital Plant Canopy Imager CI-110® constitui um 
método adequado para a estimativa do IAF e da biomassa do algodoeiro e para a estimativa 
da produtividade são necessários mais estudos para aperfeiçoar o método.

Key words:
leaf area index
cotton biomass
Plant Canopy Imager CI-110

Palavras-chave:
índice de área foliar
biomassa do algodoeiro
Plant Canopy Imager CI-110

1 Embrapa Algodão/Departamento de Pesquisa e Desenvolvimento. Campina Grande, PB. E-mail: ziany.brandao@embrapa.br; joao-henrique.zonta@embrapa.br 
(Corresponding author)

Ref. 119-2015 – Received 30 Jul, 2015 • Accepted 16 Jul, 2016 • Published 3 Aug, 2016



790 Ziany N. Brandão & João H. Zonta

R. Bras. Eng. Agríc. Ambiental, v.20, n.9, p.789-794, 2016.

Introduction

Leaf area index (LAI) is a biophysical variable that expresses 
the growth rate of the vegetation showing close relationship 
with crop yield (MacFarlane et al., 2007). LAI enables the 
achievement of some canopy structural parameters, such as 
the aerial biomass as well as the primary productivity from 
the photosynthetically active surface (Chirici et al., 2007). 
Therefore, the reliable estimation capacity of this parameter 
can also contribute to assessing crop yields (MacFarlane et al., 
2007; Zarate-Valdez et al., 2012). 

Leaf area estimation can be performed by direct or indirect 
methods. Direct methods are expensive and complex, since 
the sampling restricts the amount of measurements to be 
performed. On the other hand, indirect methods provide 
non-destructive and reliable results, which, in general, are 
based on the light transmittance measurements through 
the canopy. Additionally, indirect measurements have the 
advantage of obtaining a lot of data in a small area, so that the 
variable being studied can be better assessed.These methods 
are widely used to estimate the LAI, since they are easy to use 
and less expensive than conventional methods, which require 
vegetation destruction.

Among the methods for LAI remote estimation, 
hemispherical canopy photography, also known as fisheye 
lens photography, is being applied successfully in commercial 
plantations. The hemispherical photography is based on the 
estimated position, size, density and distribution of canopy 
gaps, which characterize the canopy geometry, through which 
the solar radiation intercepted is measured. The acquisition of 
high-definition photos under the canopy is quickly analyzed 
by proprietary software, taking as a basis algorithms with the 
zenith angle, the light attenuation and the contrast between 
plants and sky. The advantages of using hemispherical images, 
including high-resolution images to LAI estimation are 
discussed by Jonckheere et al. (2004), Chianucci & Cutini 
(2012) and Zhao et al. (2012).

Besides LAI, the hemispherical photographs quickly 
provide the spatial and temporal variability of light and 
solar radiation below the canopy and how this influences the 
structure characterization and changes in plant development 
or in the environment. For these reasons, this technique is used 
by authors in the estimation of biophysical parameters such as 
LAI and biomass of large forested areas (Jonckheere et al., 2005; 
MacFarlane et al., 2007; Clark & Murphy, 2011; Woodgate et al., 
2015), or for analysis of permanent crops (Simões et al., 2007; 
Khabba et al., 2009; Espinosa et al., 2010). However, for annual 
crops, this technique should be still studied and correlated to 
crop growth and yield.

In order to assess Leaf Area Index data from hemispherical 
photography (LAIHP), it is important to analyze their 
relationship with LAI obtained by conventional destructive 
or not-destructive methods. This work aims to estimate LAI 
and aerial biomass in cotton with a CI-110 camera CID® 
(Digital Plant Canopy Imager (CID Inc., Camas, WA, USA)) 
and compare the results with those obtained from destructive 
measurements using the LI-3100 Licor®, and non-destructive 
measurements using estimated leaf area through the midrib 

length of the leaves (Miller et al., 2007; Fideles Filho et al., 
2010.).

Material and Methods

The experiment was carried out during the 2010-2011 
season, at the Experimental station of EMPARN - Agricultural 
Research Company of Rio Grande do Norte, located in Apodi 
town, with central coordinates of 5º 37’ 19” S and 37º 49’ 06” 
W, and altitude ranging between 128 and 132 m. 

The climate of the region is semiarid and hot tropical with 
a predominance of the BSw’h’ type, according to Köppen’s 
climate classification. Annual precipitation has average of 
920 mm, concentrated in summer and fall (late December 
until May). The soil in the experimental area was classified as 
eutrophic Cambisol, and the texture is sandy clay, with 49% of 
sand, 45% of clay and 6% of silt, field capacity (fc = 0.1700 kg 
kg-1), wilting point (wp = 0.1133 kg kg-1), soil bulk density (bd 
= 1.20 kg dm-3), soil particle density (dp = 2.71 kg dm-3) and 
total porosity (Po = 0.5558 m3 m-3). Fertilization was carried 
out according to the technical recommendations for cotton, 
based on the analysis of soil fertility. Before the experiment, 
soil analysis presented in the 0-20 m layer the following results: 
pH in H2O (1: 2.5): 5.7; Ca2+: 28.0 mmolc dm-3; Al3+: 1.5 mmolc 
dm-3; H+Al: 17.3 mmolc dm-3; P (Mehlich 1): 4.4 mg dm-3; K+: 
4.7 mmolc dm-3; Mg2+: 5.5 mmolc dm-3; Na+: 0.8 mmolc dm-3; 
S: 39.0 mmolc dm-3; V: 69.0%; OM: 9.0 g kg-1.

In order to obtain a wide range of data, with different leaf 
area, biomass and cotton yield, the experiment consisted in a 
factorial combination of four nitrogen doses (0, 90, 180 and 
270 kg ha-1) and four phosphorus doses (0, 120, 240 and 360 
kg ha-1) applied in the preceding cultivation of cotton (season 
2009-2010). It was adopted a completely randomized design, 
in a split-plot scheme with four replicates. 

Before planting, a ton of gypsum per hectare was applied 
for soil correction. Fertilization of plants was performed by 
applying K2O: 40 kg ha-1 in the potassium chloride form, B: 
2.45 kg ha-1 as boric acid, Ca: 1.78 kg ha-1; S: 1.43 kg ha-1; Cu: 
0.2 kg ha-1; Mn: 0.5 kg ha-1; Mo: 0.025 kg ha-1 and Zn: 2.25 kg 
ha-1 according tothe recommendation of Embrapa obtained in 
Carvalho et al. (2008). It was used urea for nitrogen fertilizer, 
with 30% of the dose applied at sowing and the remaining 
applied 40 days after emergence (DAE). Phosphate fertilizer 
was not applied as a way to evaluate the residual effect of this 
nutrient in the previous crop cultivation.

It was used the cultivar BRS 187 8H, sown on September 1, 
2010. Before planting, an irrigation was performed in order to 
increase soil moisture to field capacity until the depth of 0.60 m. 
After sowing, irrigations were performed twice a week using a 
conventional sprinkler system with spacing between nozzles of 12 
x 15 m. Irrigation depths were based on crop evapotranspiration 
(ETc), obtained by multiplying the reference evapotranspiration 
(ETo), calculated with the Penman-Montheith method - FAO 56 
(Allen et al., 1998), by the crop coefficient (Kc), tabulated and 
varying depending on the crop phenological stage.

The plots occupied an area of 175.5 m2, where each 
experimental unit consisted of thirteen 15 m long rows, spaced 
at 0.9 and 0.1 m between plants in the row. Plant growth was 
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evaluated after 60 and 75 DAE (stages F3 and C1 according 
to the scale of Marur & Ruano (2001)) to obtain plant height, 
number of leaves and midrib length of all leaves in 10 plants 
previously selected.

Leaf area of each plant was obtained by three different 
techniques. The first one was destructive, in which all leaves 
of the same plant were measured using a leaf area meter 
(LI-COR®- model LI-3100C). The second and third methods 
used non-destructive techniques, which measured, before 
harvesting, the leaf area of the same 10 selected plants per 
plot. These non-destructive techniques were the hemispherical 
images with CI-110® and the metric method based on the 
midrib length of all leaves in a single plant. The Eq. 1 shows 
the leaf area based on midrib length, where Y is the plant leaf 
area (cm2 plant-1), X is the midrib length (cm) and a = 0.4322 
and b = 2.3032 are the regression coefficients for cotton plants 
(Fideles Filho et al., 2010).

area index. The radiation was obtained by two pyranometers 
connected to an automatic data acquisition system (Datalogger 
CR 3000 by Campbell Scientific) adjusted with other sensors 
in the automatic weather station installed in the site of the 
experiment.The system was programmed to collect data 
every 5 s and store averages in 20 min intervals, with recorded 
values of 3320 and 3564 kJ m-2 at 13:30 h, on 60 and 75 DAE, 
respectively. Figure 1 shows hemispherical images acquired on 
60 and 75 DAE for cotton with different N doses.

The CI-110® proprietary software provides LAI automatically 
for each photo. For the metric method, leaf area index (LAI) (cm2 
cm-2) was determined based on ratio between the total leaf area 
of each plant and the soil surface under the same plant (Fideles 
Filho et al., 2010).The same cotton plants that were removed 
for LAI measurements by the planimeter provided the green 
and dry biomass. These plants were cut to 3 cm above the soil 
surface. The collected plants were washed and separated into 
root, fruiting structures, stem and leaves, for LAI and fresh 
weight determination. Thereafter, plants were dried to obtain 
the dry weight.

Regressions were calculated between the results acquired by 
hemispherical photography and the destructive and the non-
destructive methods. Additionally, the correlation coefficients, 
mean absolute error (MAE) and the root mean square error 
(RMSE) were determined. The RMSE is the root mean square 
error between the prediction and actual data, which indicates 
the average magnitude of the errors, while MAE measures the 
average magnitude of the errors in a set of predictions, without 
considering their direction, that is, it measures accuracy for 
continuous variables. They are given by the following expressions:

2.3032Y 0.4322 X= ⋅

Digital hemispherical images were acquired from the tops of 
the selected plants using the Digital Plant Canopy Imager - CI-
110® (CID Inc). The images were obtained at three centimeters 
from the soil surface to the sky (soil-sky direction) and early in 
the morning between 7 and 8 h, under partly cloudy sky (Figure 
1), with direct and diffuse radiation reaching the ground.

Due to the high brightness of northeastern Brazil, especially 
in the semiarid region, it was not possible to obtain images 
in diffuse light conditions (in the dawn and dusk periods 
or in days with the sky uniformly cloudy) in order to get 
the maximum possible contrast between the leaves and the 
sky (Jonckheere et al., 2004). For the evaluation of average 
error due to light scattering, 3 treatments were chosen and 
measurements performed in the high luminance hours.

The CI-110® has an integrated CCD camera for taking 
hemispherical images while the proprietary software calculates 
the photosynthetically active radiation and instantaneous leaf 

Figure 1. Hemispherical images of irrigated cotton for treatments with maximum residual dose of P2O5 (360 kg ha-1) 
and four nitrogen doses (0, 90, 180, 270 kg ha-1), to: (A) 60 and (B) 75 days after emergence (DAE)
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where N is the total number of observation-prediction pairs, 
Pi is the i-th prediction and Oi is the i-th observation.

Results and Discussion

The LAI values acquired by hemispherical photography 
(LAIHP) ranged from 0.85 to 1.79 and from 1.01 to 1.90 at 60 and 
75 DAE, respectively. At the same dates, LAI measured by LI-
3000C (LAIdest) ranged from 1.14 to 4.22 and from 1.54 to 6.04.

Hemispherical Photography LAI (LAIHP) underestimates 
the measured values of LAI (LAIdest) for the two evaluation 
dates, at least by 15% during the 60 DAE and 30% for 75 DAE 
for plants with plenty of flowers and fruits. These results were 
consistent with other studies (Jonckheere et al., 2004; Kabba et 
al., 2009). Cotton plants have a specific growth behavior, with 
flowers and fruits in the plants at the same phenological stage. 
Therefore, underestimation of hemispherical photography 
LAI measurements may be common, because reproductive 
structures and leaves are grouped along the stems, with 
consequent increase of light transmittance. Some authors 
reported underestimation of the LAI value, not only for 
commercial crops, but also in forested areas (Simões et al., 
2007; Miller et al., 2007; Khabba et al., 2009; Awal et al., 2010).

Regarding this essential fact, equipment calibration and 
the appropriate choice of data collection period, especially in 
annual crops such as cotton, are crucial. Simões et al. (2007) 
found that hemispherical photography LAI obtained by CI-
110, in an olive plantation study, underestimated by 44 to 
37% the value measured by destructive method, depending 
on the cultivar used in the analysis. Other authors have also 
had similar results, such as Juárez et al. (2009), with reductions 
from 24 and 50% in a study on tropical forest and pasture, 
respectively.

Such behavior can be attributed to the fact that the 
gap fraction method considers the foliage distribution 
as completely random, ignoring leaves and reproductive 
structures overlapped in dense cover and considering only the 
average image projection per unit of area on a plane normal to 
the zenith (Jonckheere et al., 2005; Gonsamo & Pellikka, 2008; 
Glatthorn & Beckschäfer, 2014).

At 60 DAE, LAI obtained by hemispherical photograph 
showed correlation of 0.75 with the destructive method, and 
0.69 with the non-destructive method, as shown in Table 1. 
The observed regressions and correlation coefficients were (y 
= 3.218x +1.752) and R2 = 0.56 for the destructive method 
and (y = 4.061x +1.457) and R2 = 0.48 for the non-destructive.

Figure 2 shows relationships between cotton leaf area index 
(LAI) from hemispherical photograph and two other methods: 

60 DAE 75 DAE

Pearson MAE RMSE Pearson MAE RMSE

LAInot_dest x LAIHP 0.69 1.50 1.04 0.90 2.76 0.91
LAIdest x LAIHP 0.75 0.89 0.90 0.82 1.99 0.80

Table 1. Mean Absolute Error (MAE), Root Mean Square 
Error (RMSE) and Pearson's correlations between leaf area 
index determined by hemispherical photography (LAIHP) 
and from destructive (LAIdest) and not-destructive (LAInot-dest) 
methods, for irrigated cotton in the semiarid region of Brazil 
at 60 and 75 days after emergence (DAE)
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Figure 2. Regressions between leaf area index (LAI) 
obtained by hemispherical photography (LAIHP) and 
destructive method using LI-3100c (A) and the non-
destructive method based on the midrib length of the leaves 
(B) for irrigated cotton using different doses of N and P at 
75 days after emergence (DAE)

destructive method using LI-3100C and non-destructive method 
using the midrib length of the leaves, obtained during the second 
evaluation at 75 DAE for the different doses of N and P.

High correlations between LAI from hemispherical 
photography and the other two methods, evaluated at 75 DAE 
(Figures 2A and 2B), indicate that the measured LAI follow along 
with plant growth. Pearson's coefficient, presented in Table 1 for 
60 and 75 DAE, increased from 0.75 to 0.82 and 0.69 to 0.90 for 
destructive and non-destructive methods, respectively. These 
relationships were highly significant (P < 0.01) and were used to 
adjust LAI values determined using hemispherical photograph 
(Figure 2), allowing their future application for LAI evaluation 
in irrigated cotton in the semiarid region. 

Considering that the destructive method is the one to 
provide the actual LAI with greater accuracy (MacFarlane et 
al., 2007; Jonckheere et al., 2004), it can be used as a reference 
for the correction of values obtained by hemispherical 
photography at 60 and 75 DAE. The mean absolute error (MAE) 
and the root mean square error (RMSE) of LAI estimated by 
hemispherical photography for the two evaluation dates are 
shown in Table 1 and may provide the magnitude of the error 
found, demonstrating that there was a better fit for the two 
data collection periods, between LAIHP and LAIdest, with lower 
values of MAE and RMSE indicating that LAIdest is the best way 
to calibrate the LAIHP.

Biomass determination is a reliable way to assess plant 
growth, nutrient availability and estimate productivity. 



793Hemispherical photography to estimate biophysical variables of cotton

R. Bras. Eng. Agríc. Ambiental, v.20, n.9, p.789-794, 2016.

The narrow relationship between LAI and plant biomass 
production led the study to estimate cotton biomass by 
LAIHP measurements in both evaluation periods, in order to 
understand the predictive ability of hemispherical photography 
as a means to reduce the hard work and high costs of the 
traditional methods of biomass measurement.

Regressions for biomass production in irrigated cotton 
plants were obtained as a function of leaf area index by 
hemispherical photography and by LI-3100C as shown in 
Table 2, for the two phenological stages studied. As expected, 
LAI followed the biomass increase during the two evaluations 
with correlations above 80% for both destructive and non-
destructive methods, with highly significant relationships.

At 75 DAE, considered the phenological stage of cotton 
flowering, fruits were fully formed in the lower third of the 
plants at least in 70% of them, with some open bolls. During 
this stage, the dry fruit weight (DFW) significantly influenced 
the total biomass. It was observed that, in average, the dry fruit 
weight was two times higher than the sum of the dry weight 
of leaves, stems and branches. For comparison purposes, it is 
important to observe that, at 60 DAE, the DFW reached only 
39% of the total above ground biomass. The LAIHP presented 
itself as a good estimator for cotton biomass even at 75 DAE, 
with cotton presenting many bolls (C1 stage) with Pearson’s 
correlation coefficient of 0.92 (Table 2).

Relationships between cotton yield and LAIHP can be 
observed in Table 2 for the two evaluation dates. At 60 DAE, 
the LAIHP did not follow the yield increase for higher values, 
indicating downward trend after reaching the yield of 3591 
kg ha-1. On this date, the estimated yield was adjusted to a 
quadratic model with R2 of 0.80.

At 75 DAE, cotton yield measured by LAIHP increased 
linearly in response to vegetation growth in this stage (Table 
2), but showing a low correlation (r = 0.75 and R2 = 0.56) 
with LAIHP. Despite this, it is important to notice that, in this 
study, even when LAI was estimated by destructive method, 
previously considered as standard, cotton yield did not present 
good relationships with LAI for both evaluation periods. 
Crop yield is directly related to the quantity and quality of 
the vegetation, and LAI can be used as a good yield estimator, 
being obtained by hemispherical images and used to assess 
forests and others vegetated covers, such as perennial crops 
(Jonckheere et al., 2005; Simões et al., 2007; Zarate-Valdez 
et al., 2012). Considering that the CI-110 measures the light 
intercepted by the canopy, which directly influences LAI and 
biomass, this method has also been used not only for the 
estimation of crop yield, but also for nutritional assessment 
(Zarco-Tejada et al., 2005; Glatthorn & Beckschäfer, 2014). 
Therefore, more research should be conducted in order to 

obtain adjustment and calibration to estimate cotton yield with 
accuracy using leaf area index by hemispherical photography.

Conclusions

1. Analysis of hemispherical images obtained using the 
Digital Plant Canopy Imager CI-110 is an appropriate method 
for estimating the leaf area index (LAI) in irrigated cotton, 
showing in this study, on average, Pearson’s correlation 
coefficient equal to 0.785, compared with the standard method.

2. The estimation of cotton biomass production is possible 
using hemispherical photographs with good accuracy, which 
is a suitable method for evaluating crop development.

3. LAI determined by hemispherical photography has 
potential for estimating cotton yield, but more studies must 
be conducted to attain good precision.
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