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Abstract. Techniques to monitor vegetation cover have been used to track the biomass
and yield of agricultural crops. Quantifying the leaf area index (LAI) and its variation
throughout the production cycle of soybean is important because this data can be used
as an input variable in growth and productivity models. Field experiments were car-
ried out during the 2017/2018 and 2018/2019 growing season in soybean crops at the
Faculdade Marechal Rondon (FARON) in Vilhena, RO, Brazil, to measure the LAI of
cultivar 75177 RSF IPRO from the estimated extinction coefficient of photosynthetical-
ly active radiation (PAR). LAI measurements were performed weekly in the 2018/2019
crop season. The PAR data were collected using the PAR Apogee” SQ-316-S linear sen-
sor. The light extinction coeflicient (Kc) was calculated using LAI and solar radiation
interception data. A Kc value of 0.687 was found for this crop, indicating that more
than 68% of the light was intercepted by the plant structure. In addition, the LAI data
estimated via Kc were compared with LAI values estimated with the CROPGRO-Soy-
bean model. The first method estimated the LAI values better than the second, as the
r? increased from 0.738 to 0.882, the difference was reduced from 19.9 to 13.3%, and
the d-value changed from 0.815 to 0.952. Thus, the extinction coefficient method of
PAR can efficiently estimate the LAI parameter in soybean.

Keywords: shortwave radiation, light extinction coeflicient, photosynthetic efficiency,
crop parameterization, yield improvement.
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1. INTRODUCTION

During the development cycle of agricultural
crops, the variation of the vegetation cover fraction (fc)
and the leaf area index (LAI) are biophysical param-
eters considered fundamental in vegetation dynam-
ics (Chechi et al., 2021). They provide a better under-
standing of the partitioning of crop evapotranspiration
in plant transpiration and soil water evaporation coef-
ficients (Paredes et al., 2017; Allen and Pereira, 2009).
Also, LAI is useful to infer about the fraction of the
photosynthetically active solar radiation (PAR) inter-
cepted by the plant canopy (Purcell et al., 2002), and
the dry matter of crops (Li et al., 2010). Chechi et al.
(2021) highlighted that f. and LAI are often used as
mandatory variables in agricultural models, includ-
ing AquaCrop (Foster et al., 2017), SIMDualKc (Pare-
des et al., 2017), CSM-CROPGRO (Cuadra et al., 2021;
Crestani Mota et al., 2024), and Agro-IBIS (Moreira et
al., 2023).

The radiation impinging on the canopy can be
reflected, absorbed or transmitted. The radiation flux
that is transmitted to the soil decreases exponentially
as the leaf area increases in the canopy (Jones, 2014).
According to Adeboye et al. (2016), under optimal envi-
ronmental conditions, the accumulation of biomass
through the photosynthetic process is strongly correlat-
ed with the radiation absorbed by plants in the spectral
range of the PAR, which corresponds to visible wave-
lengths (400 to 700 nm).

The absorbed PAR is a fundamental parameter in
the modeling of soybean growth and yield, because as
the plant foliage increases (and so LAI), the use efficien-
cy of this radiation increases, and improves the accu-
mulation of plant dry matter, especially in grains (Fon-
tana et al., 2012). However, the characterization of the
internal distribution of the PAR to the plant canopy is
not uniform, considering the canopy architecture (spa-
tial orientation) and the spectral properties of the leaves
(Plénet et al., 2000; Jones, 2014).

Monsi and Saeki (1953) were the first to analyze the
modification of the Lambert-Beer radiation extinction
law through a model of light energy distribution along
the plant canopy for homogeneous areas of agricultural
cultivation with dense leaf development. In this model,
the exponential reduction of radiation with increas-
ing LAI is associated with an extinction coefficient (Kc;
dimensionless) of the PAR (Bréda, 2003).

Hence, the proportion of intercepted PAR is directly
related to the LAI of the crop and the Kc characteris-
tic of the species (Shibles and Weber, 1965; Pengelly et
al., 1999; Schoftel and Volpe, 2001). These factors influ-
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ence leaf area production (leaf mass ratio), duration of
the leaf area, and the potential of phytomass production
(Mayers et al., 1991ab). Therefore, the biomass produc-
tion is a function of the integrated PAR intercepted by
the culture (fippr), where the angular coefficient of the
regression curve between biomass (dry matter) and PAR
defines the light use efficiency for phytomass production
(Shibles and Weber, 1966).

However, the light use efficiency for biomass pro-
duction is not constant, as it varies during the plant
cycle (Steinmetz and Siqueira, 1995). For instance, it
can vary between cultivars and with the development
phases of irrigated rice, reaching the highest values
between the differentiation of the floral primordium
and flowering (Steinmetz and Siqueira, 2001). Also,
light use efficiency can vary between the subperiods
of crop development. In maize, it was 1.71 g MJ! from
emergence to the ninth expanded leaf and 3.58 g MJ!
from the end of the vegetative subperiod to grain filling
(Miller et al., 2001).

Soybean biomass yield can also be analyzed in terms
of interception efficiency and conversion of the PAR to
phytomass (Mayers et al., 1991ab). During the first 42
days of the vegetative stage, the light use efficiency (con-
version of the PAR to phytomass) of two soybean culti-
vars was 1.2 and 1.32 g MJ* (Muchow, 1985). The light
use efficiency of the aerial part accumulated from the
emergence to initial flowering can be linear. For exam-
ple, in ten soybean cultivars light use efficiency was lin-
ear during the dry season (1.15 g MJ!); however, there
was a large dispersion of the data during the flowering
phase (Mayers et al., 1991a).

Most soybean growth models use a constant Kc val-
ue (fixed average) throughout the crop cycle and for the
complete canopy. However, the timing of a specific phe-
nological stage can vary in different locations and years
due to factors such as sowing season, soil moisture, air
temperature, and management practices (Sakamoto et
al., 2010), as well as structural conditions, leaf age, and
photosynthetic and respiratory characteristics of plants
(Costa et al., 1996). Thus, the on-site observation of
dates and values of these variables limits the use of many
agricultural models because conducting observations
requires time and resources.

This study aimed to evaluate the accuracy and con-
sistency of LAI estimation in soybean based on the Kc of
PAR. For this purpose, both observed and Kc-estimated
LAI values were computed throughout the crop’s pheno-
logical cycle, enabling a detailed comparison with simu-
lations generated by the CROPGRO-Soybean model.
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2. MATERIALS AND METHODS
2.1 Characterization of the experimental area

The experiment was conducted during the
2017/2018 and 2018/2019 crop seasons at the Facul-
dade Marechal Rondon (FARON), in the municipality
of Vilhena, RO, Brazil, whose geographical coordinates
are 60°05” W and 12°46” S, at 600 m altitude (Figure 1).
The field plots were located in the mesoregion known
as the Southern Cone of Rondénia (SCRO), where soy-
bean is normally sown in the no-tillage system as a
succession crop with maize (Néia Junior and Sentel-
has, 2019). The predominant soil of the region is clas-
sified as dystrophic Red-Yellow Latosol, characterized
by a flat relief (Crestani Mota et al., 2024). The climate
is the Am type, defined as rainy tropical with a well-
defined dry season (Alvares et al., 2013). The average
annual rainfall and temperatures are 2,200.0 mm and
24.6 °C, respectively.

2.2 Determination of the Leaf Area Index (LAI)

2.2.1 Field sampling method and Leaf Area Index estima-
tion

The LAI was obtained every two weeks during
the 2017/2018 crop season and every week during the
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2018/2019 crop by employing the software Digital Area
Determiner (DDA - Determinador Digital de Areas) ver-
sion 20.0 (Ferreira et al., 2008). Beginning 35 days after
sowing (DAS), three plants from the soybean plot were
randomly collected until full maturation. The leaves
of each plant collected in the field were separated and
placed in a tabletop scanner connected to a microcom-
puter. The leaves were digitized on a monochrome scale,
generating a file of single images or several BITMAP
files (bmp) of images with the areas to be measured.
Then the files were processed in the DDA to directly
obtain the mean LAI from the scans of the leaves from
the three plants. To reduce the experimental error dur-
ing the collections, the plants of the external lines and
the plants present in the initial and final 0.5 m of the
plot were not collected.

The variation in sampling frequency between the
2017/2018 (biweekly) and 2018/2019 (weekly) crop sea-
sons reflects a methodological refinement intended to
improve the temporal resolution and accuracy of LAI
estimation. Although the biweekly sampling was suf-
ficient to characterize overall canopy development,
we decided to improve the accuracy of the output by
increasing the sampling frequency in the second season
(to weekly intervals) in to order to more accurately cap-
ture the rapid changes in leaf area during key phenologi-
cal stages, particularly the vegetative and early reproduc-
tive phases.
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Figure 1. Location map of the experimental area at the Faculdade Marechal Rondon in Vilhena, RO, Brazil (2018).
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2.2.2 Leaf Area Index Estimated from the Extinction Coef-
ficient of the Photosynthetically Active Radiation

To determine the Kc of the PAR on the canopy of the
cultivar sown in the present study and, to obtain LAI meas-
urements for the complete development cycle of the culti-
var, measurements of the incident PAR (PAR;,) and inter-
cepted PAR (PAR;,,) were performed for both crop season,
using the PAR Apogee” SQ-316-S bar sensor (Figure 2).

The sensor was installed in the plot sown with the
75177 RSF IPRO (ULTRA) cultivar positioned in the row
line and fixed 0.1 m from the ground. Measurements
were taken until the reproductive stage of soybean when
green leaves were still present. As described by Zdziar-
ski et al. (2018), this soybean cultivar is technically rec-
ommended for macro-region 4 and edaphoclimatic zone
402, particularly in areas situated at elevations above
400 m. Thus, LAI of this cultivar was monitored under
field conditions in the municipality of Vilhena, within
the recommended sowing window from October 10
to November 15, to ensure alignment with its optimal
agronomic performance. In addition, this medium-cycle
cultivar was estimated at 104 days and small size, with a
low branching index but high productive potential, and
its population ranges from 320 to 380 thousand plants
per hectare (www.brasmaxgenetica.com.br).

Equations 1 and 2 were used to obtain the fraction
of the PAR intercepted (fipyp; dimensionless) by the can-
opy. The seasonal average Kc of the PAR was determined
through destructive measurements of LAI (performed at
seven-day intervals throughout the 2018/2019 crop sea-
son, from 35 DAS) and fjp,p (initiated four DAS during
the 2018/2019 crop), using Equation 3. The estimated
LALI fipsg, and Kc values are presented in Table 1.

PARin; = PARy, *[1 — eapl 14T (1)

PAR;,
fIPAR = PARmt =1-—exp

(-LAI*K.) (2)

Kc = _ln(ll/;—fIIPAR) LAIestimated = _ln(lf_(fIPAR) (3)

c

Figure 2. The PAR Apogee® SQ-316-S bar sensor (Apogee Instru-
ments, Inc., Logan, Utah, USA) installed on the cultivation line of
75177 RSF IPRO (ULTRA) cultivar in an experimental area at the
Faculdade Marechal Rondon, in Vilhena, RO, Brazil (2018).
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Where PAR;, is the incident photosynthetically
active radiation (pmol m?2 s1); PAR;,, is the intercepted
photosynthetically active radiation (pmol m? s); LAI is
the leaf area index (dimensionless); Kc is the PAR extinc-
tion coeflicient (dimensionless); and fpyp is the fraction
of the PAR intercepted by the canopy (dimensionless).
For comparison, the data were transformed into MJ m™
day, using the conversion value developed by Thimijan
and Heins (1983), by Equation 4:

m-25-1) *2)
Zdaily PAR(/‘m"lwﬁ S ) 157 (4)

Where t is the time between collections (300 s) and
4.57 is the conversion factor. All values were integrated
for a 24 h period.

2.2.3 Leaf Area Index simulated by the Cropgro-Soybean
agricultural model

The CROPGRO-Soybean agricultural model (Boote
et al., 1996) in version 4.7.5 of the DSSAT (dssat.net) was
used to simulate the LAI throughout the development
cycle of cultivar 75177 RSF IPRO (ULTRA). This mecha-
nistic model considers all soybean development process-
es, from photosynthesis to the partition of photoassimi-
lates, through the growth of leaves, stems, and roots, soil
water extraction, and transpiration, in response to mete-
orological variations (Hoogenboom et al., 2012). The
model can simulate the performance components (soil
moisture and evapotranspiration; dry biomass - leaves,
pods, stem, and petiole; leaf expansion through the
LAI; and grain yield), quantifying and tracing the daily
growth of the crop to the stages of physiological matu-
rity and harvest (Confalone et al., 2016).

2.3 Calibration and validation of the Cropgro-Soybean
agricultural model

The CROPGRO-Soybean model was calibrated for
the experimental conditions of the 2017/2018 crop sea-
son and validated in the 2018/2019 crop season, follow-
ing the recommendations of Hoogenboom et al. (2003)
and Jones et al. (2003) through the method of sensitive
adjustments and minimization of variable error (Fenster-
seifer et al., 2017). First, the following sets of phenologi-
cal information were established: dates of sowing, emer-
gence, flowering, and physiological maturation, weight
of one thousand grains (PMG), and yield of cultivars (kg
ha') under field conditions. Then, the genetic-specific
parameters of the cultivar 75177 RSF IPRO (ULTRA)
were adjusted based on growth data (maximum leaf
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Table 1. Estimated leaf area index (LAI estimated), photosynthetically active radiation interception fraction (fIPAR), and extinction coef-

ficient of the photosynthetically active radiation (Kc estimated).

Cultivar Year DAS Day Month LA imated -In (1 - fipar) KCestimated

2018 31 Dec 1.5 0.838 0.555

2018 38 8 Dec 2.1 1.296 0.617

2018 46 16 Dec 3.4 1.847 0.546

2018 52 22 Dec 3.6 2.710 0.753

ZSII]Z;}?AS)F IPRO 2018 59 29 Dec 4.2 3.225 0.770
2019 66 5 Jan 3.6 3.151 0.868

2019 73 12 Jan 3.3 2.186 0.843

2019 80 19 Jan 3.0 2.079 0.702

2019 87 26 Jan 2.3 1.215 0.528

Mean 0.687

area, maximum photosynthetic rate, and specific leaf
area), development (number of nodes, date of emergence,
and reproductive stages R1 - beginning of flowering, R3
- beginning of pod formation, R5 - beginning of grain
filling, and R7 - beginning of maturation) and yield
components (number of grains per square meter and
average weight of a grain) (Cera et al., 2017). Data were
collected in the experimental field at the FARON during
the two harvests. The phenological development of the
crops was monitored according to the scale of Fehr and
Caviness (1977), and the counting of data in days fol-
lowed the Julian calendar, starting on the date of emer-
gence.

2.4 Statistical analysis

To evaluate the performance of the LAI estimated
from the Kc of the PAR in comparison with the CROP-
GRO-Soybean model, the following statistical indices
were used: coefficient of determination (r?) (Equation
5), percentage deviation (P;) (Equation 6), root mean
square error (RMSE) (Equation 7), and the agreement
index (d-value) of Willmott (1982) (Equation 8).

2

o (mloayer) .
oo e (7)
Py = [250:] *100 ©
RMSE = ) Zal-0) (7)
d=1- L0 | g<d<i1 ®)
P ( P—0;|+|0:—0; )

Where n is the number of observations; P; is the
simulated values; P; is the mean of the simulated val-
ues; O; is the observed values; and O; is the mean of the
observed values.

3. RESULTS AND DISCUSSION

On a ground area basis, at the beginning of the
plant cycle, until approximately 48 DAS, the crop used
the PAR that reached the plant less efficiently. The
observed measurements indicated that the maximum
intercepted PAR was 4.3 MJ m? day! (60 DAS) when the
fraction of leaf cover in the canopy projected over the
area of 1 m? of soil reached 98.3% in the R5 stage. While
the simulated intercepted PAR reached the maximum
light use efficiency of 8.9 MJ m? day! (at 55 DAS), when
the leaf cover fraction reached 97.3%, also during the
R5 stage (Figure 3). The decline in the intercepted PAR,
both observed and estimated, began with leaf senescence
in R6, either at around 72 DAS for the field conditions
or at 65 DAS for the CROPGRO-Soybean model, respec-
tively. The anticipated drop in simulated interception
was due to the overestimates of the LAI at the beginning
of the cycle of this cultivar when the model anticipated
the emission of leaves favoring maximum growth (4.6
cm? cm?) seven days before the greatest leaf expansion
was observed.

For field conditions, the 75177 RSF IPRO (ULTRA)
cultivar achieved 96% of PAR interception, between 60
and 70 DAS, and approximately 95%, between 50 and
63 DAS in the CROPGRO-Soybean simulation (Fig-
ure 3). Results follow those obtained by Confalone and
Dujmovich (1999) for the edaphoclimate of the central-
eastern region of the province of Buenos Aires, Argen-
tina, where the 1998/1999 crop exhibited a 95% level of
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75177 RSF IPRO (ULTRA) - 2018/2019 Crop

Rl R3 RS R7RS8
0.8 i
£ 0.64
§ 0.4
0.2
0 T ‘ 1
0 60 120 140

Days after sowing

Figure 3. Fraction of intercepted PAR (fIPAR) observed in the field
(—) using the PAR Apogee® SQ-316-S line sensor and simulated by
the CROPGRO-Soybean model (....) throughout the development
cycle of cultivar 75177 RSF IPRO (ULTRA) during the 2018/2019
crop cycle.

radiation interception 78 days after emergence, when
the indeterminate growth cultivar Asgrow 4656 pre-
sented a maximum LAI of 5.3 in R4. Souza et al. (2009)
during field experiments carried out in the municipal-
ity of Paragominas, PA, Brazil, found for the cultivar
BRS Tracaja (indeterminate cycle) 99% interception of
the PAR between 70 and 96 DAS (R4 and R5), when
the maximum Kc and LAI were 0.717/4.1 and 0.715/6.5
for the 2007/2008 and 2008/2009 crops, respectively.
Similarly, Costa et al. (1999) found values of maximum
radiation interception (99%) occurring between 70 and
96 DAS for soybeans grown under different irrigation
conditions throughout the cycle in the Southeastern
region of Brazil.

According to Souza et al. (2009), the increased effi-
ciency in the use of the PAR found during the reproduc-
tive phase of soybean is reflected in most of the results
found for this crop (Confalone and Dujmovich, 1999;
Schéftel and Volpe, 2001; Santos et al., 2003; Adeboye et
al., 2016). The same authors reported that this increase
is closely linked to the progressive accumulation of veg-
etative and reproductive biomass, becoming markedly
significant from the V5 vegetative stage onward. This
elevated efficiency persists through subsequent pheno-
logical phases and remains pronounced until the onset
of the R5 reproductive stage, a critical period when
the physiological transition toward reproductive phase
occurs, marked by the remobilization of photoassimi-
lates from source tissues to developing sink organs, pri-
marily for grain filling.

According to Figure 4, the calibrated CROPGRO-
Soybean model simulated more accurate and robust val-
ues for the LAIs in the validation period, evidenced by
the increases in r? (0.738) and d-value (0.815), as well
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as the decrease in RMSE (0.7 cm? cm™) and Py ampli-
tude (19.9%), compared to the 2017/2018 harvest and
also with the model maintaining the original param-
eters during the 2018/2019 crop. However, when com-
paring the LAIs simulated by the CROPGRO-Soybean
model with those estimated through the mean Kc calcu-
lated daily for the field conditions, the latter ones were
closer to the observed LAIs due to increased r? (0.882)
and d-value (0.952), as well as the reduced P; amplitude
(13.3%).

The estimated LAIs obtained from Kc showed
results similar to those that occurred under field condi-
tions during most of the development cycle of cultivar
75177 RSF IPRO (ULTRA), especially in the initial (up
to 50 DAS) and final (90 DAS up to the stage R8) phases
(Figure 4). Between 55 and 83 DAS, the LAIs estimated
through Kc were, on average, 28.6% higher than those
observed, with new growth of RMSE (1.3 cm? cm™) and
greater differences during senescence (R6), in which the
new LAI values were about 1.4 and 1.2 cm? cm™ higher
than those observed 69 and 76 DAS, respectively. This
was likely due to variations in plant density at the ran-
domly selected sampling locations from which the plants
used for LAT measurements were collected.

Together with the PAR Apogee SQ-316-S bar sensor
used to determine fipy and Kc, the population of plants
per square meter was relatively higher than the three
points sampled weekly, which were chosen randomly
to determine the mean LAI of the cultivar. In addition,
the cultivated area within the range of action of the PAR
line sensor did not suffer, like other parts of the plot,
from damage caused by fungal diseases between stages
R5 and R7, which also contributed to higher LAI val-
ues estimated by the Kc methodology compared to the
LAI measurements obtained by the leaf scanning pro-
cess that depended on random sampling. In this con-
text, Yokoyama et al. (2018) highlighted the importance
of maintaining the LAT between the middle of the grain
filling period until physiological maturity, as it positively
impacts yield. The authors also emphasize that special
care is necessary to avoid loss of LAT at this stage. More-
over, proper management of diseases and insect pests is
indispensable, as Moreira et al. (2015) discussed.

As the cultivar developed, self-shading occurred due
to the overlapping leaves from the high density of plants
at the sensor location point, which resulted at 60 DAS
in values very close to the incidence of PAR, providing
greater than 96% interception. This was also observed
by Petter et al. (2016), who demonstrated that a major
benefit of increasing the number of plants per area is the
increase of the LAI, influencing the use of light by the
crop (greater than 90%). According to Cox and Cherney
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75177 RSF IPRO (ULTRA) — 2018/2019 Crop
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Figure 4. Time variation of the observed LAI (=), simulated with the original parameters of CROPGRO-Soybean (----), simulated in the
validation (—), and from the extinction coefficient of the PAR (Kc) (+—+—+) throughout the development cycle of cultivar 75177 RSF
IPRO (ULTRA) during the 2018/2019 crop. Statistics applied to the LAI: coeflicient of determination (r?); percent deviation (Pg4); root

mean squares error (RMSE); and Willmott agreement index (d-value).

(2011), high leaf growth plasticity is a relevant mecha-
nism of phenotypic plasticity of soybean.

The LAI estimated by Kc was significantly affected in
an increasing linear manner by the plant population up to
the R4 stage, with the maximum peak occurring at 63 DAS
(5.4) (Figure 4). For the period between 55 and 83 DAS,
the average LAI was established at 4.5 cm? cm. Accord-
ing to Tagliapietra et al. (2018), these values are recom-
mended between stages R3 and R5 for cultivars of indeter-
minate growth to obtain maximum yields (optimization
of dry matter accumulation by plants). This is equivalent
to LAI values (3.5-4.5) greater than those normally cited
as ideal for soybean cultivation, which does not consider
the growth habit, the degree of relative maturity (DRM),
and the water inputs in the cultivated area (irrigated and
rain-fed fields). Up to around 30 DAS, the accumulation of
soybean dry matter was slow, but it became faster from 30
to 60 DAS. Subsequently, the slight drop after 75 DAS was
mainly due to the senescence of the leaves near the ground
and the redistribution of photoassimilates and nutrients
from the leaves to the grains formation, as observed in the
works of Petter et al. (2016) and Srinivasan et al. (2017).

The temporal changes in the dry matter biomass
of the cultivar canopy and its distribution in pods and
grains, together with the simulated values, are shown in
Figure 5. The agricultural cultivation model can simu-
late with some precision changes in the dry weight of
plant components (pods, stems, leaves, and grains).
Boote et al. (1997) found that CROPGRO-Soybean can
reasonably predict temporal changes in LAI and biomass
for various locations in the USA. However, because of
the anticipation of the maximum LAI and the excess of
simulated leaf area, the model tends to overestimate the
biomass of the pods, which directly interferes with the
dry matter of grains (yield), as there is a greater demand
and partitioning of photoassimilates during stages R4
and R5.3 (Borrds et al., 2004), a period in which grains
are between 26 and 50% formed (Fehr and Caviness,
1977), for the development of pods and grains (Figure
5). This situation was also verified by Crestani Mota et
al. (2024) for the cultivar TMG2181 IPRO, with a slightly
later cycle but with less impact, as the overestimates of
the LAI by the model at the beginning of the develop-
ment of this genetic material were lower.
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Figure 5. Dry biomasses measured (O pods, = stems, ¢ leaves, and
A grains) and simulated by the CROPGRO-Soybean model (-----
pods, —- stems, — — — leaves, and —- grains) throughout the devel-
opment cycle of cultivar 75177 RSF IPRO (ULTRA) during the
2018/2019 crop season.

The minimum tillage is another important detail
during the validation. According to Mota (2019), the
increases in simulated LAIs may also be linked to the
increased nitrogen accumulation, an essential nutrient
in grain filling and a fundamental prerequisite for high
grain yields and quality (Salvagiotti et al., 2008), espe-
cially in cultivars with undetermined growth habits, by
incorporating maize straws into the soil. This indicates
that CROPGRO-Soybean responds differently (system-
atic error) to this condition in shorter-cycle cultivars,
such as 75177 RSF IPRO (ULTRA). With the appearance
of leaves earlier in CROPGRO-Soybean simulations, the
period of filling pods coincides with the maximum LAI,
in the same way as the redistribution of mineral nutri-
ents, carbohydrates, and nitrogen compounds in grains,
stems, branches, and senescent leaves during this phase
(Mundstock and Thomas, 2005).

Thus, the results of air-dried matter for the
2018/2019 crop season demonstrated that the model
has limitations in its estimation of leaf expansion and
senescence. Therefore, finer adjustments are required
to the parameters related to the parameterization of the
LAI in the CROPGRO-Soybean model, which applies
three functions in this process. The growth stage is ini-
tially characterized by an exponential logistic function
(sigmoid model) from emergence to the maximum LAIL
Then, there is a linear phase (Goudriaan and Monteith,
1990) as self-shading increases and plants invest more in
the production of pods and grains, and other non-leaf
structures. Finally, the phase extending from leaf senes-
cence to physiological maturity (Taiz and Zeiger, 2004)
is terminated by an exponential function. Therefore,
to minimize the effects of overestimated LAI on bio-
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mass production by the CROPGRO-Soybean model, the
methodology proposed by Moreira et al. (2018) should
be adopted. Those authors developed for the Agro-IBIS
agroecosystem model an equation with a dynamic expo-
nent to reduce the simulated LAI, particularly between
stages R5 and R7, because Kucharik and Twine (2007)
and Webler et al. (2012) identified in this model, prob-
lems similar to CROPGRO-Soybean for LAI simulations.

4. CONCLUSIONS

The proposed methodology represents a robust and
scalable solution with potential to be used in crop simu-
lation models, decision support systems, and digital plat-
forms dedicated to monitoring and managing agricul-
tural production. The use of an estimated average crop
coeflicient (Kc) of 0.687, derived from measurements
conducted throughout the entire phenological cycle of
the soybean cultivar 75177 RSF IPRO (ULTRA), proved
to be an effective procedure for the daily estimation of
LAI in soybean cultivars. This approach offers a viable,
low-cost, and non-destructive alternative to direct field
measurements, particularly advantageous for long-term
experiments or under operational constraints. The main
finding of this study lies in the close alignment between
the estimated Kc and the fixed value of 0.67 used by the
CROPGRO-Soybean model (parameter KCAN - canopy
light extinction coefficient for the daily PAR, present in
the SBGRO.047.ESP file), which governs the attenuation
of PAR within the canopy across all phenological stag-
es. This consistency validates the methodology used for
Kc estimation, enhances the reliability of LAI modeling
under tropical conditions, and provides a sound basis for
calibrating and validating agrometeorological models.
Moreover, the accurate estimation of LAI based on Kc
broadens the scope for studies on radiation interception
and biomass accumulation, supporting advancements
in yield modeling, climate risk zoning, and optimized
crop management strategies. Therefore, the methodology
developed in this study emerges as a reliable and appli-
cable tool for sustainable agricultural intensification and
its integration into modern monitoring and decision-
support frameworks.
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