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Estimation of radiation interception and intercepted
photosynthetically active radiation in soybean
using smartphone images'

Diecson Ruy Orsolin da Silva?, Fernanda Trentin?, Claudir José Basso?, Gizelli Moiano de Paula?

ABSTRACT

The acquisition of parameters such as canopy cover,
leaf area index, radiation interception, and intercepted
photosynthetically active radiation (iPAR) in crops such as
soybean often relies on methods that are costly and time-
consuming. This study aimed to identify the most suitable
smartphone-based image acquisition method for estimating
the percentage of radiation interception, iPAR, and radiation-
use efficiency in soybean crop. The images were collected
using a smartphone positioned at different heights, angles, and
orientations relative to the canopy, including nadir (vertical),
upward-facing, and video-based acquisitions. The images and
videos were analyzed using the Canopeo application to obtain
the fractional green canopy cover (FGCC). The video-based
and smartphone camera images acquired at distances of 0.8
and 1.0 m from the crop canopy, respectively, were the most
effective approaches for estimating radiation interception and
iPAR through FGCC.

RESUMO

Estimativa de interceptagdo de radiacao
e radiag@o fotossinteticamente ativa interceptada
na cultura da soja usando imagens de smartphone

A obteng@o de pardmetros como cobertura de dossel,
indice de area foliar, interceptacdo de radiacdo e radiagdo
fotossinteticamente ativa interceptada (iPAR) em culturas
como a soja geralmente envolve métodos caros e demorados.
Objetivou-se identificar o melhor método de captura de imagens
via smartphone para estimar a porcentagem de interceptacdo de
radiagdo, iPAR e eficiéncia de uso da radiacdo na cultura da soja.
As imagens foram obtidas utilizando-se smartphone posicionado
em diferentes alturas, angulos e orientagdes em relag@o ao dossel,
incluindo capturas verticais, ascendentes e por video. As imagens
e videos foram analisados no aplicativo Canopeo, para obtengao
da cobertura de dossel verde fracionada (CDVF). As imagens por
video e camera de celular, a distancias de 0,8 ¢ 1,0 m do dossel da
cultura, respectivamente, destacaram-se como as mais eficazes na
estimativa da interceptacdo de radiagao e iPAR por meio da CDVF.

KEYWORDS: Glycine max, radiation-use efficiency, fractional
green canopy cover.

INTRODUCTION

Soybean [Glycine max (L.) Merril] is one of
the main commodities of Brazilian agribusiness,
with the country consolidating its position as
the world’s largest producer and exporter, with a
national production that has exceeded an average of
110 million tons over the past ten years (Conab 2023).

Technologies applied to soybean cultivation
are essential for achieving a high yield, including
tools that enable yield prediction, monitoring, and
the assessment of crop development, such as the

PALAVRAS-CHAVE: Glycine max, eficiéncia de uso de
radiagdo, cobertura de dossel verde fracionada.

determination of canopy cover (Schmitz & Kandel
2021).

The analysis of soybean canopy cover
contributes to a more precise approach to the
implementation of several management practices
throughout the crop cycle. These include adjustments
in seeding density, fertilization strategies, biomass
estimation, and phytosanitary applications (Avolio
et al. 2018, Heinonen & Mattila 2021). In addition,
canopy cover assessment enables the estimation of
other important parameters, such as the percentage of
radiation interception, intercepted photosynthetically
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active radiation (iPAR), and leaf area index (Tenreiro
et al. 2021). These variables are essential because
variations in soybean canopy cover substantially
affect the plant’s ability to convert solar radiation into
photoassimilates, directly influencing crop growth
and development (Quijano & Morandi 2023).

Currently, several methods are available
for evaluating plant canopy cover, which can be
classified as destructive or non-destructive. These
approaches differ in terms of practicality, accuracy,
implementation, and operational costs (Shu et al.
2023). Destructive methods, such as the leaf disk
method, are more time-consuming for data collection
and require the removal of plants from the field for
analysis. Moreover, they demand a considerable
number of samples to ensure representativeness,
and to adequately capture spatial heterogeneity in
the assessments (Gongalves et al. 2020).

In contrast, techniques based on remote
sensing or devices that measure the normalized
difference vegetation index, which are increasingly
adopted in agriculture, represent a more efficient
and rapid option for in-field data acquisition and
processing. Nevertheless, these approaches also
present limitations, including higher costs associated
with data acquisition and the need for specialized
training to ensure a proper use and interpretation
(Lykhovyd et al. 2022).

The free mobile application Canopeo,
developed by the Oklahoma State University,
Stillwater, OK, USA, provides a simple and rapid
approach for measuring fractional green canopy
cover (FGCC). Canopeo is based on the digital
analysis of images acquired using cameras or
smartphones, classifying pixels according to
threshold values of red, green, and blue (RGB) ratios,
which allows the discrimination of green vegetation
from other scene elements such as soil, crop residue,
and shadows (Patrignani & Ochsner 2015). FGCC
is calculated as the proportion of pixels classified as
vegetation relative to the total number of pixels in
the analyzed image.

Since its development, Canopeo has been
applied to a range of agricultural crops, including
wheat, maize, sorghum, pastures, sugarcane
and soybean, showing strong correlations with
traditional methods used to estimate canopy
cover, leaf area index, and radiation interception
(Patrignani & Ochsner 2015, Tenreiro et al. 2021,
Shu et al. 2023). As an example, in sugarcane, light

interception determined using a linear quantum
sensor showed a positive and significant correlation
(r = 0.764) with canopy cover, indicating high
reliability of the application, particularly during the
early and intermediate stages of crop development
(Kumar et al 2023).

In addition to using the integrated smartphone
camera for image analysis with Canopeo, an
alternative approach involves the use of attachable
lenses, commonly referred to as fisheye lenses.
These lenses are widely used in forest canopy
assessments and provide a wide field of view, enabling
panoramic image acquisition from a single position
and thereby increasing the representativeness of the
evaluations (Chianucci 2016, Smith & Ramsay 2018).
The incorporation of fisheye lenses has allowed
smartphone-based photographs to capture greater
details of forest canopy openings, proving crucial for
monitoring seasonal changes in vegetation dynamics
(Smith & Ramsay 2018). However, their application in
annual crops still requires validation due to differences
in canopy structure, height, and light distribution.

Based on the conceptual relationship between
canopy structural attributes and intercepted radiation,
the hypothesis of this study is that image acquisition
and processing methods using Canopeo have
estimation power comparable to that of traditional
destructive methods for radiation interception,
iPAR, and radiation-use efficiency. Therefore, it
aimed to identify the most suitable image acquisition
method using a smartphone camera to estimate the
percentage of radiation interception, intercepted
photosynthetically active radiation (iPAR), and
radiation-use efficiency in soybean.

MATERIAL AND METHODS

The study was conducted at the experimental
area of the Universidade Federal de Santa Maria,
in Frederico Westphalen, Rio Grande do Sul state,
Brazil, during the 2021/2022 growing season. The
site is characterized by clayey soil (Embrapa 2013),
and environmental conditions [incident radiation,
intercepted photosynthetically active radiation
(iPAR), temperature, and rainfall] were obtained
from an automatic meteorological station located
at approximately 400 m from the experimental area
(Figure 1).

The BMX Lo6tus IPRO soybean cultivar,
characterized by an indeterminate growth habit
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Figure 1. Incident radiation and accumulated intercepted photosynthetically active radiation (accumulated iPAR) as a function
of accumulated growing degree-days (A), and mean daily air temperature and daily rainfall (B) recorded in Frederico
Westphalen, Rio Grande do Sul state, Brazil, during the 2021/2022 growing season.

and maturity group 6.1, was sown following black
oat (Avena strigosa) cultivation. Desiccation was
performed at 7 days prior to sowing, using glyphosate
combined with 2,4-D. Row spacing was 0.45 m,
and plant density was 211,111 plants ha". An NPK
fertilizer was applied at a rate of 250 kg ha', using
the 02-23-23 formulation. Phytosanitary treatments
were carried out periodically to prevent damage to
plant growth and development.

Arandomized complete block design was used,
with four replications. Experimental plots measured
2.25 x 5.0 m. Different image acquisition methods
and normalized difference vegetation index readings
were applied between the vegetative emergence and
early reproductive stages (VE to RS), with evaluations
conducted at regular intervals of approximately 10
days throughout the crop cycle. Data collection began
on Nov. 13, 2021, and continued until Feb. 7, 2022,
covering the vegetative and early reproductive stages
of soybean development.

The image acquisition methods consisted of:
nadir (top-down) image capture using the smartphone
camera positioned at 1 m above the plant canopy (T1);
nadir image capture using a fisheye lens attached to
the smartphone at heights of 1 m and 0.43 m above
the canopy (T2 and T3, respectively); upward-facing
image capture with the smartphone camera positioned
on the soil surface (T4) and with the fisheye lens
attached (T5); and video recording at a speed of
I m s* with the smartphone positioned at 0.80 m
above the crop canopy (T6). Nadir photographs were

taken by an operator with arms extended or using
a selfie stick, at predetermined distances from the
canopy, maintaining the camera as parallel to the soil
surface as possible, without any prior preparation of
the area for image acquisition (Figure 2). Upward-
facing photographs were obtained by positioning the
smartphone between crop rows using a selfie stick.

Prior to image acquisition, weeds were
manually removed from the plots to avoid interference.
Normalized difference vegetation index readings
were obtained using a GreenSeeker sensor, positioned
statically and parallel to the canopy at a distance of
0.90 m, with the sensor centered over the crop row.
All image acquisitions were performed in the same
plot for each evaluation period.

Images and videos were captured using a
Motorola Moto G8 Power smartphone camera
between 10:00 and 12:00 a.m., under clear-sky
conditions. Camera focus and brightness were set to
automatic mode. Images were saved in jpeg format,
with resolution of 4,128 x 3,096 pixels (12 MP), and
videos were recorded in Full HD (1,920 x 1,080 pixels;
2 MP), with a 16:9 aspect ratio. The field of view for
images and videos was 61 x 48 °, corresponding to a
capture area of 0.90 x 1.2 m. The fisheye lens provided
afield of view of 116 x 90 °, with a capture area similar
to that of the standard lens at a height of 0.43 m above
the canopy, and an area of 2.0 X 3.2 m (6.4 m?) ata
height of 1.0 m above the canopy. The fisheye lens was
attached to the smartphone using a clip aligned with
the camera lens, allowing the generation of circular or
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Figure 2. Images obtained and analyzed using the Canopeo application for fractional green canopy cover (FGCC) determination.
Treatments: T1) nadir view, smartphone camera, height 1.0 m; T2) nadir view, fisheye lens, height 1.0 m; T3) nadir view,
fisheye lens, height 0.43 m; T4) upward-facing view, smartphone camera; T5) upward-facing view, fisheye lens. At the same
growth stage, the video-based method (T6, not shown) resulted in an FGCC of 80.7 %. Soybean at the V5 growth stage.

spherical images with greater distortion at the edges
relative to the center.

Field-acquired images were analyzed using
the Canopeo application (Oklahoma State University,
Stillwater, OK, USA) to generate fractional green
canopy cover (FGCC) values for soybean. The
application classifies pixels based on predefined red/
green and blue/green ratio thresholds, converting
pixels identified as green vegetation to white and
non-vegetated pixels to black. FGCC is calculated
as the proportion of white pixels relative to the total
image area. In this study, red/green and blue/green
thresholds were set to 1.0 for all analyses (Figure 2),
and FGCC values were used as indicators of crop
canopy cover and radiation interception.

Following image acquisition, the soybean
growth stage was determined, and the leaf area was
measured within a 0.45-m? sampling area. The leaf disk
method was used to determine the leaf area (m?), and the
leafarea index (LAI) was estimated as the ratio between
the leaf area and the sampled ground area (0.45 m?).

Calculated intercepted photosynthetically
active radiation (iPAR _cal; MJ m?) was determined
using the model proposed by Varlet-Grancher
(1989): iPAR , = 0.95 * (PARinc) * [1 - et*"t4D],
where incident photosynthetically active radiation
(PARinc; MJ m?) was obtained by assuming that
45 % of global solar radiation corresponds to PAR
(Assis & Mendez 1989). The dimensionless light
extinction coefficient (k) was assumed to be 0.5 for

soybean (Pengelly et al. 1999). The leaf area index
was included as previously described.

Two methods were used to estimate the
percentage of intercepted radiation (iR%) by the
crop. The first one (destructive method) was based
on the ratio between iPARcal and PARinc, whereas
the second method considered FGCC as equivalent
to the percentage of intercepted radiation.

The percentage of intercepted radiation
obtained by both methods at each evaluation period
was fitted to a logistic model, as a function of
accumulated growing degree-days: iR(%) = a/[1 +
(x/x )"], where a represents the maximum asymptote
of iR(%); xo corresponds to the accumulated degree-
days at which 50 % of the maximum iR(%) is
reached; and b is the slope of the curve at xo.

Using the logistic model, the percentage
of intercepted radiation was calculated for each
method on each day of the crop cycle. Accumulated
intercepted radiation (MJ m?) was obtained by
summing the daily product of the intercepted radiation
fraction (calculated and estimated) and PARinc for
each specific day. Subsequently, the radiation-use
efficiency (g MJ!') was estimated by dividing the
observed biomass at the R5 stage by the accumulated
intercepted radiation for the different image-based
methods, in comparison with the destructive method.

Pearson’s correlation analyses and regression
models were used to investigate the relationships
between the intercepted radiation and the FGCC
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obtained with Canopeo. Data were analyzed separately
for the vegetative stage, reproductive stage, and
the complete crop cycle to assess whether image
acquisition methods could capture variations across
different stages of crop development. The model
performance was evaluated using the coefficient of
determination (R?) and root mean square error. When
the slope of the linear regression was not significant
(p < 0.05), the regression line was forced through
the origin (x = 0). Radiation-use efficiency data were
subjected to analysis of variance (Anova), with image
acquisition methods considered as the main factor.
Mean radiation-use efficiency values were compared
using the least significant difference test (p <0.05). The
Rbio and Sigmaplot 15 software packages were used
for statistical analyses and graphical representations.

RESULTS AND DISCUSSION

The highest leaf area index, obtained using the
destructive plant evaluation method, was observed
at the R3 growth stage of soybean, followed by a
subsequent decline in the later stages. This indicates
that maximum interception of incident light energy
by the crop occurs close to the full flowering stage
(Figure 3) (Zanon et al. 2018).

Estimates of intercepted radiation derived
from the destructive method and from fractional
green canopy cover (FGCC) showed a strong positive

LAI
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Figure 3. Temporal dynamics of soybean leaf area index (LAI)
as a function of accumulated growing degree-days and
developmental stage, during the 2021/2022 growing
season. VE: vegetative emergence.

correlation when evaluated during the vegetative
phase of soybean (r = 0.88 to 0.98), or when the
entire crop cycle was considered (r = 0.95 to 0.98)
(Figure 4). In contrast, correlations during the
reproductive phase were low and/or not statistically
significant. The results obtained for the reproductive
phase are consistent with findings reported for
wheat, in which light interception estimated using
FGCC derived from Canopeo was overestimated
during early growth stages and underestimated
during the reproductive phase, when compared with
measurements obtained using a line quantum sensor
(Helguera et al. 2022). It is important to emphasize
that Canopeo itself does not perform regression
analyses or model fitting; instead, it estimates FGCC
through pixel-based image classification, separating
green canopy pixels from background pixels (soil,
crop residue) based on fixed color threshold ratios
(red/green and blue/green). Therefore, all statistical
analyses and model fitting presented in this study
were performed externally using FGCC values
generated by the application.

As canopy closure increases, mutual shading
among leaves reduces the visibility of lower canopy
layers, thereby affecting the ability of RGB-based
image analysis methods to fully represent the three-
dimensional structure of the canopy. Similarly, leaf
senescence during the maturation process has a
considerable influence on the fraction of intercepted
photosynthetically active radiation, as the proportion
of pixels classified as green decreases due to the fixed
color threshold algorithms employed by Canopeo
(Li et al. 2021). Consequently, the lower agreement
between FGCC-based estimates and radiation
interception during reproductive stages is primarily
related to physical and methodological limitations,
rather than to the image analysis mechanism of
Canopeo itself.

Image acquisition methods using nadir
views (T1) and video recordings (T6) stood out by
providing the most accurate estimates of intercepted
radiation (Figure 4). For both methods, the radiation
interception estimation line passed through the
y-intercept at zero, exhibited the highest coefficients
of determination (R?), and showed the lowest root
mean square error, demonstrating the effectiveness
of the fitted equations for predicting the percentage
of intercepted radiation. These results support the
hypothesis of a linear relationship between FGCC and
radiation interception under conditions of uniform
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Figure 4. Relationship between the percentage of intercepted radiation estimated using the Varlet-Grancher (1989) model (destructive
method) and fractional green canopy cover (FGCC). The blue line represents the 1:1 relationship. Data from the 2021/2022
growing season. Green (@) and red (@) points indicate observations collected during the vegetative (V) and reproductive
(R) stages, respectively. r denotes the Pearson’s correlation coefficient (p < 0.05). Treatments: T1) nadir view, smartphone
camera, height 1.0 m; T2) nadir view, fisheye lens, height 1.0 m; T3) nadir view, fisheye lens, height 0.43 m; T4) upward-
facing view, smartphone camera; T5) upward-facing view, fisheye lens; T6) video transect across the plot. IR: intercepted

radiation; RMSE: root mean square error.

canopy development, as previously reported for
soybean and other annual crops using destructive
methods and optical sensors (Timlin et al. 2014,
Shepherd et al. 2018).

These findings are highly encouraging, as
smartphone-acquired imagery represents an accessible
and cost-effective alternative to traditional approaches
involving visual estimations, destructive procedures,
or expensive equipment (Biichi et al. 2018, Arietta
2021).

Upward-facing images (T4 and T5)
underestimated radiation interception during early
vegetative stages of soybean, primarily due to the
low plant height and limited canopy development
at these stages (Timlin et al. 2014). Under such
conditions, a substantial portion of the camera
field of view positioned beneath the canopy did
not capture vegetation. Consequently, the Canopeo
color-threshold classification algorithm identified

a lower proportion of pixels as green vegetation,
resulting in reduced FGCC values and, therefore,
underestimation of intercepted radiation. This effect
arises from a physical and geometric limitation of
the image acquisition method during early growth
stages, rather than from an intrinsic failure of the
application’s algorithm. During reproductive stages,
image quality is further reduced due to increased
leaf shading, which generates very dark green tones
that the application is unable to correctly interpret as
green canopy area (Shepherd et al. 2018).

Images obtained using fisheye lenses (T2, T3,
and T5) also exhibited a tendency to underestimate
radiation interception, mainly due to intrinsic
optical limitations associated with image distortion
and reduced quality in peripheral regions, which
appeared to be the most relevant factor in this study.
Fisheye lenses provide an extremely wide field
of view, resulting in reduced effective resolution
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at the image edges, often accompanied by lower
brightness and sharpness, when compared with
the central region (Bianchi et al. 2017). These
characteristics compromise the accurate identification
of green pixels by the Canopeo color classification
algorithm. Another challenge associated with the
use of fisheye lenses on smartphones relates to
technical aspects, such as the lack of standardized
mounting or attachment mechanisms, which may
hinder proper alignment between the fisheye lens
and the smartphone’s integrated optics, leading, in
some cases, to distorted estimates (Hederova et al.
2023). Furthermore, although fisheye lenses are more
commonly and effectively applied in forest canopy
assessments, their use in annual crops requires
further investigation, considering variables such as
crop type, vegetative characteristics, and the timing
of evaluations.

It is noteworthy that the captured images and
the collection of plant material represent different
sampling areas. For example, the destructive method
evaluated an area of approximately 0.45 m?, whereas
nadir (top-down) images covered an area of 1.08 m?.
In contrast, the fisheye lens captured areas ranging
from 1.08 to 6.4 m?, depending on the acquisition
height. When using video, the sampled area may
vary according to the plot size, resulting in a more
spatially homogeneous representation of the canopy.

The use of the Canopeo application has been
shown to be a viable alternative for determining leaf
area index, canopy cover, and estimating radiation
interception, among other variables, exhibiting
excellent agreement with destructive methods or with
measurements obtained using equipment such as a line
quantum sensor. According to Shepherd et al. (2018),
image-based approaches show strong correlations
with linear quantum sensor measurements in soybean
fields, in addition to offering advantages such as ease
of data acquisition and handling in wheat crops,
when compared with quantum sensors that require
careful leveling and positioning in dense canopies
(Helguera et al. 2022). Furthermore, image-based
methods have the advantage of being applicable
at any time of day and under low-light conditions
(Purcell 2000). The Canopeo mobile application can
also be considerably faster in quantifying FGCC than
other commonly used software, processing images
20 to 130 times faster than SigmaScan Pro and 75
to 2,500 times faster than SamplePoint (Booth et al.
2006, Patrignani & Ochsner 2015).

Image and video acquisition methods using
nadir views exhibited the highest correlations for
estimating soybean iPAR, with coefficients of
determination ranging from 0.92 to 0.99 (Figure 5).
Upward-facing images showed a greater proximity
to the 1:1 line; however, the method T1 yielded the
lowest root mean square error, when compared with
the other image acquisition modalities. The use of
fisheye lenses did not improve estimation accuracy
relative to T1. Regarding the comparison between
observed iPAR (destructive methods) and estimated
iPAR (FGCC-based), all image acquisition methods
exhibited high coefficients of determination during
the vegetative stage of soybean; nevertheless, T1
and T6 again stood out as the most effective options
(R? = 0.99). Image acquisition methods using
upward-facing views were the least efficient for
estimating iPAR, with Canopeo-based iPAR values
being consistently underestimated.

Because radiation interception and iPAR
in soybean are closely related to leaf area index
and to the spatial arrangement of a given cultivar,
upward-facing images likely resulted in lower iPAR
estimates, because they captured fewer plants or
represented canopy architecture less effectively.
This limitation arises from the smaller capture
angle when the smartphone is positioned at the soil
surface. In addition, as crop development advances,
increased shading and leaf overlap within the same
plant further reduce canopy representativeness in
images. Besides impairing photographic quality and
image analysis, thereby reducing Canopeo-based
iPAR estimates, more shaded leaf portions receive
predominantly diffuse radiation, which also leads
to divergence in photosynthetic rates (Nomura et
al. 2021). This effect may not pose a limitation
in more open canopies, such as forest ecosystems
(Tanioka et al. 2020). In contrast, nadir-view images
tend to capture leaves more representatively, in
terms of both quantity and spatial distribution, as
previously observed in digital photographs acquired
at approximately 1.5 m above the soil surface in
wheat fields, where the detection area was about
60 times larger than that of a line quantum sensor
(Helguera et al. 2022).

Radiation-use efficiency estimated using
image acquisition methods showed a positive
correlation with the destructive leaf area index-based
method, except for upward-facing images (T4 and
T5), which significantly overestimated the radiation-
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Figure 5. Relationship between the observed intercepted photosynthetically active radiation (iPAR), determined using the Varlet-
Grancher (1989) model (destructive method), and iPAR estimated from fractional green canopy cover (FGCC) in soybean.
The blue line represents the 1:1 relationship. Data from the 2021/2022 growing season. Green (@) and red (@) points indicate
observations collected during the vegetative (V) and reproductive (R) stages, respectively. r denotes the Pearson’s correlation
coefficient (p < 0.05). Treatments: T1) nadir view, smartphone camera, height 1.0 m; T2) nadir view, fisheye lens, height
1.0 m; T3) nadir view, fisheye lens, height 0.43 m; T4) upward-facing view, smartphone camera; T5) upward-facing view,
fisheye lens; T6) video transect across the plot. RMSE: root mean square error.

use efficiency relative to the destructive method
(Figure 6). This overestimation can be partially
attributed to the camera position beneath the plant
canopy and to the use of fisheye lenses, which tend to
distort the perceived size of leaves, thereby enlarging
the apparent leaf area.

In agricultural research, accurate estimation of
radiation-use efficiency is essential for understanding
plant growth processes and optimizing crop
production. Traditionally, this has been achieved
through destructive methods involving direct
measurement of crop growth parameters. However,
these methods are time-consuming, labor-intensive,
and often limited in practical applicability.
Consequently, alternative approaches such as image-
based techniques have increasingly been explored to
estimate radiation-use efficiency.

The results presented here indicate a strong
correlation between the destructive method and

Canopeo-based image analysis for estimating
radiation interception, iPAR, and radiation-use
efficiency. While the leaf disk method involves
multiple steps and tools, ranging from plant removal
in the field to drying and weighing of plant material,
image analysis using the Canopeo application
is not only non-destructive, but also simpler to
implement and freely available. At the same time,
smartphones have become increasingly widespread
and indispensable, with substantial advances in both
software and optical hardware, enabling their use
across a wide range of research applications (Arietta
2021). Supporting this perspective, Chung et al.
(2017) evaluated biomass estimation in sorghum
using the Canopeo application, in comparison with
a destructive method, and reported significant results
when plants were in the vegetative stage, particularly
when comparing green color percentages, plant
height, and node height.
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Figure 6. Radiation-use efficiency (RUE) in soybean estimated
using the leaf area index (LAI)-based method and
different image acquisition methods. Data from the
2021/2022 growing season. Means followed by the
same letter do not differ significantly according to the
least significant difference test (p < 0.05). Treatments:
T1) nadir view, smartphone camera, height 1.0 m; T2)
nadir view, fisheye lens, height 1.0 m; T3) nadir view,
fisheye lens, height 0.43 m; T4) upward-facing view,
smartphone camera; T5) upward-facing view, fisheye
lens; T6) video transect across the plot.

The use of easy-to-apply tools with wide
operational availability may be feasible, depending
on the timing and objectives of the assessment, to
rapidly obtain biophysical parameters in the field,
thereby supporting both producers and researchers
in crop monitoring and management.

CONCLUSIONS

1. Image acquisition techniques based on video and
still photography, conducted at distances of 0.80
and 1.0 m above the crop canopy, respectively,
proved to be the most effective methods for
estimating radiation interception and intercepted
photosynthetically active radiation (iPAR),
using fractional green canopy cover (FGCC)
derived from the Canopeo application. These
approaches showed positive correlations with
estimates obtained using the destructive analysis
method;

2. Images acquired from an upward-facing
perspective, with the smartphone camera
positioned between soybean rows, underestimated
both the percentage of intercepted radiation and
soybean iPAR values, primarily because they
captured a smaller leaf area.

REFERENCES

ARIETTA, A. Z. A. Estimation of forest canopy structure
and understory light using spherical panorama images from
smartphone photography. Forestry, v. 95, n. 1, p. 38-48,
2021.

ASSIS, F.N.; MENDEZ, M. E. G. Relacao entre radiacao
fotossinteticamente ativa e radiagdo global. Pesquisa
Agropecuaria Brasileira, v. 24, n. 7, p. 797-800, 1989.

AVOLIO, M. L.; HOFFMAN, A. M.; SMITH, M. D.
Linking gene regulation, physiology, and plant biomass
allocation in Andropogon gerardii in response to drought.
Plant Ecology, v.219,n. 1, p. 1-15, 2018.

BIANCHI, S.; CAHALAN, C.; HALE, S.; GIBBONS, J.
M. Rapid assessment of forest canopy and light regime
using smartphone hemispherical photography. Ecology
and Evolution, v. 7, 1n. 24, p. 10556-10566, 2017.

BOOTH, D. T.; COX, S. E.; BERRYMAN, R. D.
Point sampling digital imagery with “SamplePoint’.
Environmental Monitoring and Assessment, v. 123, n. 1,
p- 97-108, 2006.

BUCH]I, L.; WENDLING, M.; MOULY, P.; CHARLES,
R. Comparison of visual assessment and digital image
analysis for canopy cover estimation. Agronomy Journal,
v. 110, n. 4, p. 1289-1295, 2018.

CHIANUCCI, F. A note on estimating canopy cover
from digital cover and hemispherical photography. Silva
Fennica, v. 50,n. 1, e1518, 2016.

CHUNG,Y. S.; CHOL S. C.; SILVA,R.R.; KANG, J. W_;
EOM, J. H.; KIM, C. Case study: estimation of sorghum
biomas using digital image analysis with Canopeo.
Biomass and Bioenergy, v. 105, n. 1, p. 207-210, 2017.

COMPANHIA NACIONAL DE ABASTECIMENTO
(Conab). Boletim da safra de grdos. 2023. Available at:
https://www.conab.gov.br/ info-agro/safras/serie-historica-
das-safras/itemlist/category/911-soja. Access on: Sep. 10,
2023.

EMPRESA BRASILEIRA DE PESQUISA
AGROPECUARIA (Embrapa). Sistema brasileiro de
classificacdo de solos. 3. ed. Brasilia, DF: Embrapa,
2013.

GONCALVES, A. O.; SILVA, E. H. F. M. da;
GASPAROTTO, L. G.; ROSA, J. M.; CARMO, S. do;
FATTORI JUNIOR, 1. M.; MARIN, F. R. Improving
indirect measurements of the leaf area index using canopy
height. Pesquisa Agropecudria Brasileira, v. 55, n. 1,
e01894, 2020.

HEDEROVA, L.; MACEK, M.; WILD, J.; BRUNA,
J.; KASPAR, V.; KLINEROVA, T.; KOPECKY, M.
Ecologically relevant canopy openness from hemispherical

e-ISSN 1983-4063 - www.agro.ufg.br/pat - Pesqui. Agropecu. Trop., Goiania, v. 56, ¢83915, 2026



10 D. R. O. da Silva et al. (2026)

photographs. Agricultural and Forest Meteorology, v. 330,
n. 1,e109308, 2023.

HEINONEN, R.; MATTILA, T. J. Smartphone based
estimation of green cover depends on the camera used.
Agronomy Journal, v. 113, n. 6, p. 5597-5601, 2021.

HELGUERA, M. P. G.; LOLLATO, R.; PATRIGNANI,
A. Winter wheat light interception measured with a
quantum sensor and images. Agronomy Journal, v. 114,
n. 4, p. 2334-2341, 2022.

KUMAR, R. A.; VASANTHA, S.; GOMATHI, R.;
HEMAPRABHA, G.; ALARMELU, S.; SRINIVASA, V,;
VENGAVASI, K.; ALAGUPALAMUTHIRSOLAI, M.;
HARL K.; PALANISWAMI, C. Rapid and non-destructive
methodology to measure canopy cover at early stage and
its correlation with physiological, morphological traits
and productivity of sugarcane. Agriculture, v. 13, n. 8,
el481, 2023.

LI, W.; FANG, H.; WEI, S.; WEISS, M.; BARET, F.
Critical analysis of methods to estimate the fraction
of absorbed or intercepted photosynthetically active
radiation from ground measurements: application to rice
crops. Agricultural and Forest Meteorology, v. 297, n. 1,
¢108273, 2021.

LYKHOVYD,P. V.; VOZHEHOVA, R. A.; LAVRENKO,
S. O.; LAVRENKO, N. M. The study on the relationship
between normalized difference vegetation index and
fractional green canopy cover in five selected crops. The
Scientific World Journal, v. 22, n. 1, e8479424, 2022.

NOMURA, K.; YASUTAKE, D.; KANEKO, T.; IWAO,
T.; OKAYASU, T.; OZAKI, Y.; MORI, M.; KITANO, M.
Long-term estimation of the canopy photosynthesis of a
leafy vegetable based on greenhouse climate conditions
and nadir photographs. Scientia Horticulturae, v. 289,
n. 1,e110433,2021.

PATRIGNANI, A.; OCHSNER, T. E. Canopeo: a powerful
new tool for measuring fractional green canopy cover.
Agronomy Journal, v. 107, n. 2, p. 2312-2320, 2015.

PENGELLY, B. C.; BLAMEY, F. P. C.; MUCHOW, R. C.
Radiation interception and the accumulation of biomass
and nitrogen by soybean and three tropical annual forage
legumes. Field Crops Research,v.63,1n.2,p.99-112,1999.

PURCELL, L. C. Soybean canopy coverage and light
interception measurements using digital imagery. Crop
Science, v. 40, n. 3, p. 934-837, 2000.

QUIJANO, A.; MORANDI, E. N. Leaf area reduction
during the pod set period changes the photomorphogenic
light balance and increases the pod number and yield in
soybean canopies. Field Crops Research,v.303,¢e109148,
2023.

SCHMITZ, P. K.; KANDEL, H. J. Using canopy
measurements to predict soybean seed yield. Sensoriamento
Remoto, v. 13, n. 16, 3260, 2021.

SHEPHERD, M. J.; LINDSEY, L. E.; LINDSEY, A. J.
Soybean canopy cover measured with Canopeo compared
with light interception. Agricultural & Environmental
Letters, v. 3,n. 1,e180031, 2018.

SHU, M.; LL, Q.; GHAFOOR, A.; ZHU, J.; LI, B.; MA, Y.
Using the plant height and canopy coverage to estimation
maize aboveground biomass with UAV digital images.
European Journal of Agronomy, v. 151, €126957, 2023.

SMITH, A. M.; RAMSAY, P. M. A comparison of
ground-based methods for estimating canopy closure
for use in phenology research. Agricultural and Forest
Meteorology, v. 252, n. 1, p. 18-26, 2018.

TANIOKA, Y.; CALLY.; IDA, H.; HIROTA, M. A. Spatial
relationship between canopy and understory leaf area index

in an old-growth cool-temperate deciduous forest. Forests,
v. 11, n. 10, 1037, 2020.

TENREIRO, T. R.; GARCIA-VILA, M.; GOMEZ, J.
A.; JIMENEZ-BERNI, J. A.; FERERES, E. Using NDVI
for the assessment of canopy cover in agricultural crops

within modelling research. Computers and Electronics in
Agriculture, v. 182, n. 1, ¢106038, 2021.

TIMLIN, D. J.; FLEISHER, D. H.; KEMANIAN, A. R ;
REDDY, V. R. Plant density and leaf area index effects on
the distribution of light transmittance to the soil surface
in maize. Agronomy Journal, v. 106, n. 5, p. 1828-1837,
2014.

VARLET-GRANCHER, C.; GOSSE, G.; CHARTIER,
M.; SINOQUET, H. Mise au point: rayonnement solaire
absorbé ou intercepté par un couvert végétal. Agronomy,
v.9,n. 5, p. 419-439, 1989.

ZANON, A. J.; SILVA, M. R.; TAGLIAPIETRA, O
CERA, J. C.; BEXAIRA, K. P.; RICHTER, G. L.;
DUARTE, A. J.; ROCHA, T. S. M.; WEBER, P. S
STRECK, N. A. Ecofisiologia da soja visando altas
produtividades. 2. ed. Santa Maria: Field Crops, 2018.

e-ISSN 1983-4063 - www.agro.ufg.br/pat - Pesqui. Agropecu. Trop., Goiania, v. 56, 83915, 2026



