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Abstract: Despite its economic importance, the microclimate in soybean canopies has not yet been
studied in detail. Such a study can yield valuable information regarding the interaction of a crop with its
environment. In this context, the aim of this study was to evaluate the solar radiation dynamic and yield
responses for each canopy strata for two soybean cultivars with determined and undetermined growth
habits. A field study was conducted during the 2013/2014 and 2014/2015 growing seasons in the city of
Frederico Westphalen, Rio Grande do Sul, Brazil. The cultivar NA6411, with a determinate growth habit,
presented a greater interception of radiation in the middle and lower canopies strata which results in higher
soybean yield when compared to the cultivar TEC6029, and thus, can be recommended for cultivation
in crop production systems. The contribution of the middle and upper canopy strata to the total yield
formation was greater than that observed in the lower canopy strata due to the greater interception of solar
radiation by these strata. To increase soybean yields, new studies regarding the microclimatic conditions
of the soybean canopy should be developed to improve the maximum potential yield of the new soybean
cultivars.
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INTRODUCTION

Soybean (Glycine max (L.) Merril) is one of the
most important oilseeds cultivated in the world
due to its high content of protein and oil (Yang et
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al. 2016) and its widespread use for human and
animal consumption. In the crop year 2016/2017,
114.07 million tons of soybeans were produced
in Brazil, and the estimate for 2017/2018 is
108.6 million tons (Conab 2017). The use of new
production technologies and the improvement of
cultural practices, aiming at a more efficient use of
natural resources led to a significant increase of the
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cultivation area in Brazil and, therefore, to higher
oilseed quantities harvested (Schwerz et al. 2016).

Microclimatic studies of the soybean canopies
were conducted by Egli et al. (1970), Hiebsch et al.
(1976), Baldocchi et al. (1983, 1985). These authors
concluded that some disagreement prevails on the
question of how alteration in a plant architecture
may affect momentum, mass and energy exchanges
between a canopy and the atmosphere. The authors
suggested that many of the uncertainties reported
in the literature might have been resolved had
detailed observations been made of microclimatic
and physiological conditions. This fact confirms
the importance of the detailed study of the solar
radiation dynamics and the productive response in
different canopy strata of soybean cultivars with
different growth habits.

An optimized wutilization of the
photosynthetically active radiation (PAR)
intercepted by the canopy of soybean plants may
maximize their photosynthetic efficiency, and
thus lead to an increased grain yield (Marchao
et al. 2006). The plant growth is a function of
accumulated biomass through photosynthesis.
Biomass production in plants depends upon the
quantity of photosynthetically active radiation
absorbed by leaves (PARa) and the efficiency
with which the leaves can convert the radiation
into assimilates through photosynthesis. Thus,
the intercepted photosynthetically active radiation
(PARI) that is converted into biomass reveals the
radiation use efficiency (RUE) by species (Monteith
1977, Van Heerden et al. 2010).

Canopy architecture is determinant for the
plant’s photosynthetic capacity (Wells 1991). The
soybean crop has an upper strata of dense foliage,
which makes it difficult for light to penetrate into
lower leaf strata (Rambo et al. 2004). The PAR
transmission in a plant canopy, according to Beer’s
law (Fagan et al. 2013), is a negative exponential
function of the product of leaf area index by the
extinction coefficient. Additionally, the irregularity
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of light distribution throughout the canopy may
result in unequal contributions of the different plant
sections to the overall yield. Greater light incidence
into the lower leaf strata as well as diffuse radiation,
can increase the production of reproductive organs
in the lower canopy strata, and lead to an overall
increase in yield.

Studies highlighting the importance of soybean
canopy stratification, quantifying the contribution
of each strata and its leaf area index, extinction
coefficient, and crop yield were not found in the
literature. In coffee (Marin et al. 2003, Cunha
and Volpe 2010), apple (Buler and Mika 2009)
and orange trees (Pilau and Angelocci 2015), for
example, the contribution of different leaf strata to
yield formation were analyzed with respect to their
interception of solar radiation. Studies indicate
differentiated contributions of leaf strata to crop
yield. Thus, the identification of alternatives for the
best use of the microclimatic conditions is essential
to maximize the contribution of the different leaf
strata, especially in relation to the radiation use
efficiency, which can result in a significant increase
in soybean yield.

Soybean growth can be determined by the
microclimatic conditions and the management
that is utilized during the growing season. These
characteristics can be influenced by cultivar growth
habit (determined growth or undetermined growth)
(Zanonetal. 2015). Plants with a determined growth
habit finish the formation of leaves upon reaching
the reproductive period, which results in differences
in leaf architecture, leaf area index and radiation
use efficiency in the different leaf strata, when
compared to plants with an indeterminate growth
habit, which even after reaching the reproductive
period, maintain the formation of vegetative organs.
Additionally, the leaf morphology of plants with
determined growth remains constant throughout the
plant extension. This fact differentiates determined
plants of indeterminate because these present sheets
of smaller sizes in the upper strata of the plant. The
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flowering of determined plants begins in the middle
strata of the plant and progresses to the upper and
lower strata. Consequently, the development of
pods and seeds follows this pattern (Sediyama et
al. 1996, 1999).

Although photosynthesis is the basis for
biomass production by plants, only few studies
consider RUE as an alternative to increase soybean
yield. The solar radiation intercepted by the
different strata of the plant canopy is one of the
most important components for the growth analysis.
However, to estimate the amounts of intercepted
solar radiation, it is necessary to determine the leaf
area index (LAI) and the light extinction coefficient
(k).

Information that reveals the dynamics of
microclimatic conditions in the canopy strata and
its relations with the solar radiation and soybean
yield responses are relevant in order to improve
some management practices for the soybean
producers. The aim of this study was to evaluate
the solar radiation dynamics and yield responses in
different leaf strata of two soybean cultivars with
determined and undetermined growth habit.

MATERIALS AND METHODS

STUDY AREA AND EXPERIMENTAL DESIGN

A field study was conducted during the 2013/2014
and 2014/2015 growing seasons in the city of
Frederico Westphalen-Rio Grande do Sul, Brazil,
at the coordinates 27°23'48"S, 53°25'45"W and an
altitude of 490 m (Fig. 1). According to the Képpen
climate classification, the climate is Cfa, i.e.,
humid subtropical with mean annual temperatures
of 19.1 °C and varying maximum and minimum
temperatures of 38 and 0 °C, respectively (Alvares
et al. 2013).

According to the soil mapping unit of Passo
Fundo, the soil is classified as Ferralsols typical.
Fertilization was carried out in response to a
soil analysis following the recommendations for
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Figure 1 - Geographical location of the experiment. The State
of Rio Grande do Sul is highlighted in black on the bottom
map, while the city of Frederico Westphalen is highlighted in
black on the main map.

soybean crops (CCSF 2004). For this, a total of
80 kg ha™ of triple superphosphate and 50 kg ha™
of potassium chloride were applied at the time of
sowing. The control of weeds and diseases was
also carried out through phytosanitary treatments
following the recommendations of products for the
crop (Embrapa 20006).

The experimental design was a randomized
complete block, where was tested two soybean
cultivars and two growing seasons, with four
repetitions. In both crop years, the cultivars Nideira
A 6411 RG (Sementes Nidera, Sdo Paulo, Brazil)
that is characterized by a determined growth
habit with an early cycle and average height, and
CCGL TEC 6029 RR (Cooperativa Central Gatcha
Ltda, Rio Grande do Sul, Brazil) that exhibits an
undetermined growth habit with early cycle and
high height, were used in this study. The cultivars
evaluated in this study were coded as follows:
NA6411 (Nideira A 6411 RG) and TEC6029
(CCGL TEC 6029 RR).

Seed sowing was carried out on 11/14/2013
and 11/08/2014 with a sowing machine. Thinning
was performed seven days after emergence (DAE)
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resulting in a final planting density of 250,000 plants
per hectare. The experimental unit consisted of
five rows of 3.0 m in length, with spacing between
the seeding lines of 0.45 m. Only the three central
rows, withdrawing 0.3 m of the field edge were
sampled for analyses. The experimental procedures
were the same in both crop years.

During the entire growth period of the crop,
in both years, data of air temperature (°C), rainfall
(mm), and solar radiation (MJ m~) were obtained
from the meteorological station of the Instituto
Nacional de Meteorologia (INMET), situated
about 100 m from the experimental site. The
water balance was calculated on a monthly basis
according to Thorntwaite and Mather (1995) using
an Excel (Microsoft Office Professional Plus 2016,
Microsoft Corporation, Redmond, WA, U.S.A.)
calculation spreadsheet as proposed by Rolim et
al. (1998), considering the water storage capacity
available on the ground 100 mm (Elli et al. 2016).

CANOPY STRATIFICATION

The determination of leaf area index, specific leaf
area, yield components (number of pods per plant,
thousand grain weight, total yield), interception of
solar radiation and the extinction coefficient were
performed for each soybean canopy strata (Fig. 2).
Data assessment was carried out every two weeks
from 30 to 105 days after emergence (30, 45, 60,
75, 90 and 105 DAE). Four plants per plot were
destructively sampled at each sampling date.
Except for the first sampling date (30 DAE),
the sampled plants were divided into three canopy
sections of similar size in order to individually
analyze the contribution of each canopy strata,
according to the location of their vegetative and
reproductive structures. The criterion used to
sectioning the plants canopy was that to constitute
the lower strata the plant structures should be
located from 0 % to 33 % of the height of the plants,
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Figure 2 - Schematic of the separation of the plant canopy
of soybean plants into upper, middle and lower leaf strata.
Classifications are delineated by the two parallel lines.

the middle stratum of 33.34 % to 66.66 % and the
upper stratum of 66.67 % to 100 %, respectively.

At the first sampling date (30 DAE), the dry
matter of the entire plant was calculated by adding
the dry weights of the individual plant organs:
branches, stems and leaves. At all other sampling
dates, branches, stems, and leaves were calculated
according to its position in the canopy layer: lower,
middle and upper (Fig. 2).

BIOMASS AND LEAF AREA ANALYSIS

The total dry matter (TDM) of the plants was
determined from the sum of the components:
leaves, stem, branches, and pods. Each component
was gathered and placed in pre-identified individual
paper bag. Samples were dried in a forced
circulation oven at 60 °C until a constant mass
was obtained. The samples were later weighed on
a precision balance in order to obtain the dry mass
of each component, which together resulted in the
TDM.

Leaf area in each different canopy strata was
measured with a leaf area meter LI-COR Model
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3000 (LI-COR, Lincoln, Nebraska, U.S.A), with
the value expressed in cm’. The leaf area index
(LAI) was determined by the ratio between plant
leaf area and soil area (SA) that it occupied (0.04
m?) with the following equation:

LAI=LA/SA (1

Where LA is the leaf area, and SA is the soil
area occupied by the plant.

SOLAR RADIATION ANALYSIS

The incident solar radiation (W m?™) in each
evaluation period was measured using a portable
pyranometer (LICOR PY32164, Lincoln,
Nebraska, U.S.A) coupled to a Datalogger (LICOR
1400, Lincoln, Nebraska, U.S.A). The values for
intercepted global radiation (IGR) were measured
serially at each individual leaf strata (lower, middle
and upper) with the portable pyranometer which
recorded measurements in the period from 10 h to
12 h. The values of intercepted solar radiation were
obtained according to the following equation:

% Intercepted = 100 - (Rn x 100 / Rt) 2)

Where: Rn = incident radiation under each leaf
strata of the canopy; R¢ = incident radiation above
the canopy.

The extinction coefficient (k) was calculated for
each leaf strata using the following equation:

_In(Rn/Ri)

k=== 3)

Where k = extinction coefficient, Rn = solar
radiation measured under each canopy stratum (MJ
m™); Rt = radiation above the plant canopy (MJ
m?); LAI = leaf area index (m” m?).

The production of dry matter was based on
the model proposed by Monteith (1977), where
dry matter production was calculated from
intercepted photosynthetically active radiation
(PARi) multiplied by the radiation use efficiency.
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The radiation use efficiency (RUE) was calculated
by the relation between the average production of
accumulated TDM and the PARi involved in the
production of biomass according to the following
expression:

TDM = RUE x PARi (4)

Where TDM = total dry matter produced
(g m?); PARi = intercepted photosynthetically
active radiation (MJ m™) and RUE = radiation use
efficiency in dry matter produced (g MJ"). The
value for the radiation use efficiency given by
the angular coefficient represents the amount of
accumulated biomass for each unit of intercepted
radiation.

Values for intercepted photosynthetically
active radiation were determined based on the
model proposed by Varlet-Grancher et al. (1989):

PARi = 0.95 x (PARin) x (1- ¢ K740y (5)

Where: PARi = intercepted photosynthetically
active radiation (MJ m?™); P4Rin = incident
photosynthetically active radiation (MJ m~); LAI =
leaf area index; k = extinction coefficient, 0.67 and
0.60 were used for the extinction coefficient in the
crop year 2013/2014 and 2014/2015, respectively,
the values used for k£ were averages obtained in this
study and, calculated using the equation described
above.

The values of photosynthetically active
radiation were estimated as 45 % of global solar
radiation. This fraction represents the average
values found by Assis and Mendez (1989) for
the area of Rio Grande do Sul. The estimate of
accumulated photosynthetically active radiation
was performed, based on methods by Monteith
(1977) and Varlet-Grancher et al. (1989).

YIELD TRAITS AND DATA ANALYSIS

The yield components were analyzed by assessing
ten randomly plants in each previously demarcated
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plot, at harvest time. The criterion used for the
collection of these 10 plants was that these should
represent in a reliable way the characteristics of
growth and development of the total plants of each
plot. The number of pods per plant (NPP) was
counted. Additionally, the 1000-grain weight (GW)
was assessed through threshing the pods, counting
grains and weighed on a precision balance. To
assess the yield, the total grains obtained in each
canopy strata for each evaluation plot were weighed
on a precision balance and the moisture of the grain
converted for 13 %. The yield value obtained in g
plot” was converted into kg ha™'.

Data were analyzed using the software
Statistical Analysis System (SAS, Edition 8.0
2003, SAS Institute Inc., Cary N.C., U.S.A.).
Data were initially examined for homogeneity
of variance, and then, subjected to analysis of
variance in order to determine treatment effects
and possible interactions among cultivar, crop year
and canopy strata. The normality distribution of all
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data was checked using the Shapiro—Wilk test. The
descriptive analysis were performed including the
respective error bars, which represent the standard
deviation of the average values. For the radiation
use efficiency and soybean yield traits, a Tukey test
(p<0.05) was performed to verify the difference
between treatments.

RESULTS

METEOROLOGICAL CONDITIONS

Air temperature (maximum, minimum and
average), incident solar radiation and water balance
during the experimental period are shown in Figure
3. In the crop year 2013/2014, the temperature
ranged between 12.4 °C and 36.8 °C with an
average temperature of 22.8 °C. The flux of global
solar radiation was 25.48 MJ m™ day”' on average,
with a variation of 5.12 to 39.21 MJ m™”day™. Also,
was observed a small water deficit in February
(2013/2014). For the crop year 2014/2015, the air

100 { A

70

Dec Jan Feb
B Excess @ Deficit

Mar

Dec

Feb
B Excess B Deficit

Jan Mar

Figure 3 - Monthly averages of minimum, maximum and average air temperatures, accumulated incident
solar radiation, and water balance during the experimental period in Frederico Westphalen, Brazil, ‘A’ — crop

year 2013/2014 and ‘B’ — crop year 2014/2015.
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temperature ranged from 11.9 to 34.5 °C with an
average temperature of 22.6 °C. The average flux
of global solar radiation was 24.30 MJ m™ day
with a variation of 5.55 to 38.12 MJ m™ day™. It
was possible to identify periods of water deficit
during the plant growth.

RADIATION USE EFFICIENCY AND ASSIMILATE
PARTITIONING

The analysis of variance revealed a significant
interaction “crop year x cultivar” for RUE. Dry
matter formation was positively, linearly correlated
with PARi during the crop cycle, with high
correlation coefficients (Fig. 4). The highest RUE
was observed in the crop year 2014/2015 for the
cultivar TEC6029, which had 1.5070 g MJ", not
differing from cultivar NA6411 which obtained
1.4676 ¢ MI™. In the crop year 2013/2014, lower
values of RUE were observed (1.1518 and 1.3839
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g MJ"' for the cultivars TEC6029 and NA6411
respectively).

The pattern of dry matter accumulation in the
leaves, stem, branches, and pods of the soybean
plants was similar during all evaluations periods
(Fig. 5). In the initial stages of plant growth, up
to 45 DAE, the leaves, stems, and branches were
responsible for 60, 25 and 15 % on average of total
dry matter accumulation. From 90 DAE the dry
matter of the pods was computed, and for the 105
DAE, the pods were responsible for 42 % of total
dry matter accumulated by the soybean crop.

LEAF AREA INDEX AND INTERCEPTED GLOBAL
RADIATION

In both cultivars studied, LAI averaged highest at
90 DAE (Fig. 6). In the crop year 2014/2015, the
greatest LAI values were observed for the cultivar
TEC6029 (4.85) and for NA6411 (4.34), while for
2013/2014 the lowest values were 4.40 and 4.15 for

1000
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200 -
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Figure 4 - Relationship between accumulated intercepted photosynthetically active radiation (PARiac)
and dry matter produced (TDM) in a field experiment in Frederico Westphalen, Brazil, with the soybean
cultivars ‘a’— TEC6029 and ‘b’ — NA6411 (crop year 2013/2014); ‘¢’— TEC6029 and ‘d’— NA6411 (crop
year 2014/2015). Means followed by the same letter, lowercase comparing the crop years and uppercase
comparing cultivar not differ by Tukey test at 0.05 probability of error.
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Figure 5 - Assimilate partitioning to different structural components of soybean plants (leaf, branch, stem, and pod) for the cultivars
‘A’ - NA6411 and ‘B’ - TEC6029 in two crop years (2013/2014 and 2014/2015) throughout all evaluation periods in a field
experiment in Frederico Westphalen, Brazil. Bars represent the standard deviation of mean values + SE.

the cultivars TEC6029 and NA6411, respectively.
Additionally, each plant canopy strata showed
similar contributions considering the years and
cultivars studied. In this way, the lower, middle and
upper strata were responsible for 19.6, 48.1 and
32.3 % of the total LAI, respectively.

A positive linear increment of the specific
leaf area up to 75 DAE was observed. After this
period, a decrease in the values was found due to
the physiological maturity (Fig. 6). The greatest
average values for this characteristic was observed
for the cultivar TEC6029 throughout the evaluation
periods in both crop years.

The cultivars responded similarly in terms of
the interception of incident solar radiation in the
different crop years (Fig. 6); highest values were
found at 90 DAE where the plants intercepted

An Acad Bras Cienc (2019) 91(3)

on average 89.90 % of the incident radiation,
coinciding with the greater LAI values. Each plant
canopy strata intercepts an amount of solar radiation
dependent upon leaf area index. Additionally, the
contribution of each plant canopy strata to total
radiation interception at 90 DAE was 8.87, 15.95
and 65.07 % for the lower, middle and upper strata,
respectively. A reduction of radiation interception
was observed at 105 DAE, possibly due to the
beginning of leaf senescence.

LIGHT EXTINCTION COEFFICIENT

The k estimate in the different plant canopy strata
can be seen in Table 1. The & values increased up to
75 DAE and decreased afterwards until senescence.
Regarding the difference between cultivar and
plant strata, the average values for the crop year

€20180066 8|16
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Figure 6 - Leaf area index (LAI), specific leaf area (SLA) and intercepted global radiation (IGR) in
different canopy strata of the soybean cultivars ‘A’ — NA6411 and ‘B’ - TEC6029 in two crop years
(2013/2014 and 2014/2015) throughout all evaluation periods in a field experiment in Frederico
Westphalen, Brazil. Error bars represent the standard deviation of mean values + SE.

2013/2014 were 0.43, 0.66, 0.76, 0.86, 0.62 and
0.52, and for the crop year 2014/2015 average
values 0f 0.29, 0.57, 0.65, 0.77, 0.61 and 0.45 were
obtained during the evaluation periods (30, 45, 60,
75,90 and 105 DAE), respectively. Considering all
evaluation periods, we found an average k value

An Acad Bras Cienc (2019) 91(3)

of 0.67 in the crop year 2013/2014 and 0.59 in the
crop year 2014/2015.

The greatest estimates of & were obtained in
the crop year 2013/2014 for the cultivar NA6411,
in a majority of the evaluation periods. The lower
canopy strata showed higher £ values, demonstrating
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TABLE I
Light extinction coefficients (+ standard error) in different canopy strata of the two soybean cultivars (NA6411 and
TEC6029) in two crop years (2013/2014 and 2014/2015) at different evaluation periods in a field experiment in Frederico

Westphalen, Brazil.
Canopy strata
DAE Crop year Cultivar
Lower Middle Upper
NA6411 0.405 = 0.065
2013/2014
TEC6029 0.458 +0.051
30
NA6411 0.238 = 0.085
2014/2015
TEC6029 0.349 +0.059
NA6411 0.719 £ 0.060 0.715+0.015 0.614 +0.065
2013/2014
45 TEC6029 0.688 = 0.045 0.676 +0.069 0.583 +0.032
NA6411 0.719 £0.094 0.604 +0.084 0.597 +0.096
2014/2015
TEC6029 0.619 +£0.105 0.460 + 0.042 0.433 +0.057
NA6411 0.769 £ 0.052 0.860 = 0.096 0.726 = 0.105
2013/2014
60 TEC6029 0.750 £ 0.035 0.744 +0.097 0.680 £ 0.035
NA6411 0.805 = 0.083 0.453 +0.099 0.665+0.114
2014/2015
TEC6029 0.748 £ 0.061 0.647 +0.012 0.589 +0.068
NA6411 0.958 = 0.096 0.821+0.104 0.667 = 0.068
2013/2014
2 TEC6029 0.986 + 0.203 0.760 + 0.083 0.749 £+ 0.004
NA6411 0.824 +0.064 0.793 +0.050 0.712+0.076
2014/2015
TEC6029 0.833 +£0.070 0.832+0.100 0.642 £ 0.060
NA6411 0.779 £ 0.053 0.568 +0.057 0.553 +0.045
2013/2014
90 TEC6029 0.755 £ 0.085 0.510+0.044 0.531 +0.046
NA6411 0.813 £ 0.064 0.529+0.017 0.642 £ 0.005
2014/2015
TEC6029 0.724 +0.053 0.487 +0.058 0.461 +0.036
NA6411 0.696 +0.162 0.509 £ 0.023 0.447 +0.142
2013/2014
105 TEC6029 0.586 = 0.060 0.446 + 0.057 0.427 +0.046
NA6411 0.638 £0.100 0.493 +0.085 0.481 +0.062
2014/2015
TEC6029 0.451 £0.042 0.326 + 0.046 0.302 +0.070

the dynamics of solar radiation interception within
the plant canopy being dependent upon the LAI of
each individual strata.

SOYBEAN YIELD TRAITS IN EACH CANOPY
STRATA

Here we reported results of a detailed investigation
of the microclimate within different types of
soybean canopies; one with determined growth
habit and other with undetermined. Yield of cultivar

An Acad Bras Cienc (2019) 91(3)

NA6411 (4336.9 and 4032.2 kg ha™ in the crop
years 2013/2014 and 2014/2015, respectively) was
significantly higher than cultivar TEC6029 (3411.6
and 3392.1 kg ha™ in 2013/2014 and 2014/2015,
respectively) (Fig. 7). Among the three plant
canopy strata, the middle contributed most to the
total yield, followed by the upper, and lower strata.

The number of pods per plant corresponded
with the yield pattern, where the highest values
were found in the cultivar NA6411 in both crop
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Figure 7 - Yield, number of pods per plant (NPP) and 1000-grain weight (GW) in different canopy
strata of the soybean cultivars NA6411 and TEC6029 in two crop years (2013/2014 and 2014/2015)
in a field experiment in Frederico Westphalen, Brazil. Bars represent the standard deviation of mean
values + SE. * Means followed by the same letter, lowercase comparing the crop years, uppercase
soybean cultivars and greek letters comparing the canopy strata did not differ significantly (Tukey test

at 0.05 probability of error).

years (Fig. 7). The same trend was observed for
the different canopy strata, as the middle and upper
strata presented a larger contribution to the total
number of pods per plant. Regarding 1000-grain

An Acad Bras Cienc (2019) 91(3)

weight, the greatest values were found in the crop
year 2013/2014. The 1000-grain weight of the
cultivar TEC6029 was greater than NA6411, in
both crop years. Variations in 1000-grain weight
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were not observed for the different plant canopy
strata and crop years.

DISCUSSION

RADIATION USE EFFICIENCY AND ASSIMILATE
PARTITIONING

Each cultivar had a differentiated ability to convert
radiation into photoassimilates. The lower radiation
use efficiency obtained in the crop year 2013/2014
can be related to the water deficit which occurred
in February 2014; together with an increase of the
maximum air temperature (Fig. 3), this led to a
senescence in the leaves of the middle and lower
canopy strata. This premature senescence did not
affect the grain yield.

The greater radiation use efficiency obtained
by the cultivar TEC6029 in the crop year 2013/2014
may be related to the higher LAl associated with the
greater use of available diffuse radiation in the lower
plant canopy strata. Thus, greater leaf formation
resulted in a better use of diffuse radiation, which is
multidirectional, and more efficient in penetrating
the plant canopy (Buriol et al. 1995).

According to Casaroli et al. (2007), the use of
cultivars with more efficient leaf architecture may
provide more efficient photosynthesis; however,
these plants are often more demanding in water
and nutrients due to the greater interception of
solar radiation by the leaves and so, have a greater
energetic demand. This response may affect
radiation use efficiency of soybean plants.

The values of radiation use efficiency obtained
in this study were similar to that has been observed by
other authors; Souza etal. (2009) in a study conducted
in two crop years (2007/2008 with the occurrence
of drought and 2008/2009 without drought), found
RUE values of 1.14 and 1.75 g MJ"', respectively.
Van Roekel and Purcell (2014), in a study conducted
in Missouri, USA, found RUE values for soybean
in different crop years (2012/2013 and 2013/2014)
of 1.01 and 1.77 g MJ', respectively. Also, other
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results were reported in the literature: 1.23 g MJ"
(Schéffel and Volpe 2001); 1.31 g MJ" (Adeboye et
al. 2016); 1.44 g MJ"' (Singeretal. 2011);and 1.78 g
MJ" (Pengelly et al. 1999) for the soybean crop. The
variation in the results found in the literature was
probably due to the differences of the meteorological
conditions to which plants were subjected. This was
likely because the radiation use efficiency reflects
the capacity of the plant to transform the intercepted
radiation into dry matter.

Regarding the partitioning of assimilates
produced, the biomass accumulated in the leaves
decreased gradually throughout the crop cycle,
especially during the maturation stage due to the
senescence of the lower leaves and the reallocation
of the assimilates for grain filling (Fig. 4).

The assimilate translocation to sink organs is
governed by factors such as the proximity of the
source to the sink. In this way, the leaves located
in the lower stratum direct their assimilates to the
roots, while the leaves of the upper strata send
assimilates to the growing apices and the leaves
of the middle strata for both directions (Taiz et al.
2017). Therefore, the position of the leaves within
each plant canopy strata is important for the supply
of assimilates to vegetative/reproductive structures.
Studies of Aliyev (2010) and Aliyev and Mirzoyev
(2010) indicate that the soybean yield is related to
the shape and arrangement of leaves in the canopy
strata, photosynthetic activity and the period of
grain filling.

The relationship between total dry matter
and grain yield depends on the cultivar used
and its interaction with the micrometeorological
conditions. However, increased solar radiation
use efficiency will not necessarily result in higher
grain yields. This means that a cultivar can present
variations in the efficiency of the use of solar
radiation in different years, due to the interannual
variability of solar radiation availability. This fact
will not necessarily result in an increase or decrease
in crop yield (Koester et al. 2014, Petter et al. 2016).
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MICROCLIMATIC RELATIONSHIP BETWEEN
LEAF AREA INDEX AND INTERCEPTED SOLAR
RADIATION

The soybean plants obtained a high leaf area
production due to a rapid emission of leaves,
promoting significant increases in the interception
of solar radiation. However, with the beginning of
the self-shading of the leaves, there is an increase
in the light extinction coefficient. With the increase
of LAI, up to a critical value, the solar radiation
interception and the photosynthetic rate are also
increased (Casaroli et al. 2007).

According to Souza et al. (2009), for the
soybean crop, the critical LAI value to intercept
95 % of the solar radiation is around 4.0. In this
context, the average values obtained in this study
are above the critical value of LAI, averaging
4.4 at 90 DAE in the two evaluation years, and
promoting the interception of 89.9 % of incident
solar radiation.

The highest LAI and specific leaf area were
obtained for the upper and middle strata, which
promoted the formation of a dense leaf strata and
making it difficult the solar radiation to penetrate
into the lowest strata. In this way, due the reduction
in the solar radiation availability in the lower
canopy strata an unequal contribution of the plant
sections to the total yield was observed (Fig. 7).

The greatest interception of solar radiation
by the soybean cultivars occurred in the upper
canopy strata, resulting in a greater photosynthetic
rate (Taiz et al. 2017). It might be inferred that the
lower strata of the leaves contributed less than they
theoretically could for the photosynthetic process,
while other strata operated more close to their limit.
In this context, the use of alternatives in order to
increase the photosynthetic rates of the middle and
lower plant strata is important because it could
lead to an increase in the overall grain yield of the

soybean crop.
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LIGHT EXTINCTION COEFFICIENT AND SOLAR
RADIATION DYNAMICS

Soybean growth was correlated to an increase in
the & values (Table I), coinciding with an increase
in LAIL Increased LAI leads to a greater quantity
of intercepted radiation, up to a certain value
when the plants reached critical LAI and begin
self-shading, resulting in an increase in the light
extinction coefficient. According to Behling et
al. (2016), this attenuation of light by the plant
canopy is determined by leaf density (which can
be expressed by LAI), and by the geometric and
optical properties characteristics of the leaves.
Thornley (1976) reported that the value of £ might
vary with leaf traits, sun’s incident angle, spacing,
and latitude.

The k values observed in our study are similar
to those obtained by Bajgain et al. (2015) who
reported k& values of 0.85 and 0.65 for soybean
cultivation under an excess of water and optimal
humidity conditions, respectively. Procopio et
al. (2003), found & values of 0.52 and 0.93 for
soybeans before and after the flowering stage,
respectively. Additionally, Pengelly et al. (1999)
found that the light extinction coefficient might
vary from 0.5 to 0.6 for soybean crops, considering
an average of the crop cycle. In a study conducted
in Nigeria by Adeboye et al. (2016), the authors
obtained average k values of 0.52 and 0.42 for two
crop years 2013/2014 and 2014/2015, respectively.

YIELD TRAITS AND ITS RELATIONSHIP WITH
PHOTOSYNTHETIC ACTIVITY

The highest grain yield was obtained by the cultivar
with a determinate growth habit and was mainly
influenced by the greater number of pods per plant
in the middle plant strata, since for this growth type,
the flowering begins in the middle layer and then
goes to the upper and lower. This response was most
evident for the crop year 2013/2014. Moreover,
cultivars with determined growth habit had a lower
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dense layer of leaves in the upper strata, which
allows a greater interception of radiation in the
middle and lower canopies strata when compared
to the cultivar with an indeterminate growth habit.

For the cultivar with indeterminate growth
habit, it is observed a dense layer of leaves in the
upper strata due to the continuous emission of
leaves even after flowering, this fact can reduce
the fixation of the flowers in the middle and lower
strata. Therefore, considering the interception
dynamics of the solar radiation and the greater
contribution of the middle and lower strata to the
cultivar with determined growth habit presented
higher grain yield.

Studies that relate productivity and type of plant
growth indicate a tendency of determined cultivars,
under irrigated conditions, to produce more than
the indeterminate cultivars (Kilgore-Norquest and
Sneller 2000). According to Perini et al. (2012), the
total number of pods was the yield traits that was
most important for the indirect selection of more
productive and determined growth cultivars.

In overall, the highest contribution of the
medium and upper strata of the plants to the total
yield may be related to the higher leaf area index
and interception of the solar radiation obtained
in these sections. These results of total yield and
number of pod per plant may be related to a greater
photosynthetic activity of these sections, resulting
in an increase of the production and direction of
assimilates for the reproductive structures which
was seen in the medium and upper strata.

The results observed are consistent with those
of Rambo et al. (2004), evaluating the potential
yield of each canopy strata of the soybean crop.
These authors found that the upper and middle
plant strata contributed strongly to the soybean
yield potential. The greater number of pods in each
section explained this. Passos et al. (2011) reported
that the middle and upper strata of the soybean
canopy has a greater contribution to grain yield, due
to the greater presence of pods in these sections.
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The authors also highlighted that the middle strata
represented about 57.6 % of the total number of
pods produced in the plants.

The stratified canopy study of soybean
plants enables the identification of contrasting
characteristics within the plant population,
which together with the best use of the
micrometeorological conditions, mainly of diffuse
radiation, is essential for increasing the radiation
use efficiency and consequently the grain yield.

Information generated in this study are relevant
and provides knowledge for soybean producers
and agricultural managers, especially regarding the
microclimatic conditions and its relations with the
canopy architecture, growth habit, as well as the
contribution of each canopy strata to the total yield.
Moreover, the results highlighted in this study can
help to understand the dynamics within the plant’s
canopy and adapt possible management strategies
such as the use of microclimatic information for the
monitoring of plant diseases in order to maximize
grain yield in the lower plant strata.

CONCLUSIONS

The cultivar NA6411, with a determinate growth habit,
presented a greater interception of solar radiation in
the middle and lower canopies strata which results
in higher soybean yield when compared to the
cultivar TEC6029, and thus, can be recommended for
cultivation in crop production systems.

The contribution of the middle and upper
canopy strata to the total yield formation was greater
than that observed in the lower canopy strata due to
the greater interception of solar radiation by these
strata. To increase soybean yields, new studies
regarding the microclimatic conditions of the
soybean canopy should be developed to improve
the maximum potential yield of the new soybean

cultivars.
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