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Abstract

The objective of this paper was to assess the efficiency of photosynthetically active radiation (PAR) intercepted
in dried phytomass of soybean cultivars of determinate and indeterminate growth habits in different spatial
arrangements. All experiments were carried out during the 2013/2014 crop year, two soybean cultivars (BMX
Ativa RR/determinate and BMX Turbo RR/indeterminate) in a spatial arrangements (45, crossed, 20, 20 x 40, 20
x 60, 20 x 80 cm). Starting from first emergence up to the point of maturation, 14 phytomass assessment were
evaluated with seven days interval, in which one plant was sampled per repetition. Greater conversion
efficiencies of solar radiation were obtained in paired arrangements. Paired arrangements, and 20 cm, lead to a
greater leaf area index, and possibly a greater interception of the diffused radiation and an increase of conversion
efficiency and the overall cultivation productivity of BMX Ativa RR and BMX Turbo RR.
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1. Introduction

Soybeans (Glycine max (L.) Merril) are a cultivation of major importance to both Brazilian agriculture, and the
Brazilian economy. Spacing alternatives for cultivation have been studied, and compared with traditional
systems composed of 45 cm between lines, as well as various spacing alternatives such as spacing reduction,
crossed sowing, and paired line usage contained differentiated spacing on the internal and external interlines.

One of the main meteorological elements which influences crop growth is solar radiation; this factor has been the
focus of recent research which highlights the relationship between this factor and yield and plant height (Kunz et
al., 2007). However, due to the sensitivity of chloroplasts not all solar radiation which hits plants can be used in
the conversion process (Assis & Mendez, 1989). The only wavelengths of light used by plants,
photosynthetically active radiation (PAR), represent photo flow from 400-700 nm; this range makes up 45-50%
of the total solar radiation (Assis & Mendez, 1989).

After being provided with adequate amounts of water and nutrients, dried phytomass production was then mainly
effected by the photosynthetically active radiation (PAR) interception. Thereby, intercepted PAR, when
converted in phytomass can reveal the efficiency of radiation utilization by a species (Monteith, 1977), this can
be determined by the angular coefficient of the linear regression between produced phytomass and intercepted
photosynthetically active radiation (Kunz et al., 2007; Caron et al., 2012, 2014).
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The availability and utilization of solar radiation by plants is affected by many factors including: general
structure, leaf angle and arrangement, population density, spacing, and by its physiology (Fagan et al., 2013).
Soybean cultivations showed an elevated leaf area (LA) and a fast emergence of leaflets which leads to an
increase in the interception of solar radiation until a certain point in which self-shading is and results in a greater
light extinction coefficient. At this moment, even an increase in the leaf area index (LAI) would not increase
interception (Casaroli et al., 2007), this factor is crucial to increasing the conversion efficiency of plants.

The objective of this paper was to assess plants conversion efficiency of photosynthetically active radiation by
analyzing dried phytomass, and to examine soybean cultivations with cultivars of determinate and indeterminate
growth in different spatial arrangements.

2. Material and Methods
2.1 Plant Materials and Growth Conditions

A field study was conducted in the city of Frederico Westphalen, Rio Grande do Sul, Brazil. In accordance with
Koppen’s climatic classification, the region’s climate is considered Cfa. The experiment design was a
randomized block, in a factorial design (6 x 2) having six spatial arrangements (45, crossed “cross-sowing in two
directions”, 20, and paired lines of 20 x 40, 20 x 60, and 20 x 80 cm) and two growth habits (determinate and
indeterminate) of BMX Ativa RR/determinate and BMX Turbo RR/indeterminate, with three repetitions,
achieving the amount of 36 sample parts. Sowing was carried out on December and fertilizer was applied
manually at the time of sowing. Emergence was considered to occur when 50% of seedlings were above took
place seven days after emergence, with planting density of 250.000 plants per hectare in all of the treatments.

2.2 Evaluations

Starting from the point of emergence and ending at physiological maturation, 14 weekly assessments were
carried out. Including plant sampling repetition, a total of 504 plants were assessed during the cycle. Starting
from cotyledons, leaves, stem, branches, flowers, pods, leftovers (senescent leaves and smaller than five
centimeters), leaf discs were taken. These samples were later dried via a forced-air heated greenhouse 65 °C air
was forced through greenhouse, until a constant mass was reached.

The leaf area (LA) was calculated in m” by the following equation:
LA = [n° discs x borer area x (DM leaves + discs)]/DM leaf discs €))

Where, n° discs is the number of discs made per sample, borer area refers to the area of the cork borer in m?, DM
leaves + discs are the total dried material of the leaves in grams, and DM leaf discs is the discs dried material in
grams.

The leaf area index (LAI) was determined from each plant’s LA and the superficial area for each plant, with the
following equation:

LAI = LA/SS @
Where, LA is the leaf area in m?, and SS is the soil area occupied by one plant in m?, which is 0.04 m?.

Global solar radiation was collected in an automatic station belonging to INMET (Instituto Nacional de
Meteorologia). The incident active photosynthetic radiation was estimated to be 45% of the global solar radiation
(Assis & Mendez, 1989), having no distinction between cloudy and sunny days. The amount of intercepted
photosynthetically active radiation (iPAR) was determined based on model Varlet-Grancher et al. (1989):

iPAR = 0.95-(inPAR)-(1 — <A (©)

Where, iPAR is the intercepted photosynthetically active radiation (MJ m™), inPAR incident photosynthetically
active radiation (MJ m™), LAI is the leaf area index, and k is the coefficient of light extinction which in this case
was 0.5. According to Pengelly et al. (1999), the light extinction coefficient may vary in-between 0.5 to 0.6 to
soybean, considering a cycle average.

According to Monteith (1977), conversion efficiency can be calculated by analyzing the relationship between
average dried phytomass production, and intercepted photosynthetically active radiation. The following
equation:

DPP = ¢b-iPAR ()

Where, DPP is the dried phytomass production in g m™, eb is the conversion efficiency of iPAR in produced
dried phytomass, in g MJ"', and iPAR is the intercepted photosynthetically active solar radiation, in MJ m™.
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2.3 Statistical Analysis

The index data of the leaf area, beginning from the V7 stage of development until R5, was subjected to statistics
analysis Statistical Analysis System Learning Edition 8.0 (SAS, 2003), and averages were compared by the
Turkey test with p > 0.05. The grain harvests took place when cultivars reached a physiological point of
maturation; collections took each took place in 1m? units. Plants were taken to and threshed and weighed in a lab,
and posterior humidity was correction by 13%. In order to compare the spatial arrangements, a recommended
arrangement of 45 cm was used; this comparison was carried out via Statistical Analysis System Learning
Edition 8.0 (SAS, 2003) Dunnett’s test with p > 0.05.

3. Results and Discussion

Accumulated dried material showed a positive linear relation with intercepted photosynthetically active radiation.
This was confirmed by a high coefficient of determination, and supported by an observed increase in dried
material due to accumulated and intercepted active photosynthetic radiation; these findings were supported by
Caron et al. (2012). Accumulated intercepted photosynthetically active radiation (iPAR) of soybean cultivation,
throughout 100 days of assessment, the cultivars BMX Ativa RR and BMX Turbo RR varied from 470 to 612
MJ m? and from 531 to 646 MJ m™, respectively. The highest radiation figures were observed in the spatial
arrangement of paired lines of 20 x 40, 20 x 60, and 20 x 80 cm, where a greater accumulation of dried material
took place.

The cultivar BMX Ativa RR, with determinate growth habits, presented differences in conversion efficiency
according to the spatial arrangements (Figure 1). In the arrangement of 45 cm, the conversion efficiency of the
total cycle was 0.97 g MJ™, this was considered low when compared to other samples, which presented 1.7 g
MI', 134 gMI' 1.31 gMJ?, 1.32 g MI™, and 1.78 g MJ™ for the arrangements of crossed seeding 20, 20 x 40,
20 x 60, and 20 x 80 cm. This finding demonstrated that arrangement modification was in general positive.
Arrangements of 20 cm paired lines presented the greatest conversion efficiencies when compared to other
arrangements. The vegetative and reproductive phenological phases can be observed in Figure 1.
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Figure 1. The Conversion efficiency (g MJ™") of the vegetative (V), and reproductive (R) phases, and the total (T)
of the entire cycle of cultivar BMX Ativa RR with the spatial arrangements of 45 cm (a), crossed (b), 20 cm (¢), 20
x 40 cm (d), 20 x 60 cm (e), 20 x 80 cm (f) respectively
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In the cultivation of BMX Turbo RR, with indeterminate growth habit, similar findings were observed, and
compared to the previous cultivation (Figure 2). With an arrangement of 45 cm, BMX Turbo RR cultivation
presented a smaller conversion efficiency in relation to the others with 1.00 g MJ™'. The other arrangements,
showed 1.21 g MI"! on the crossed seeding, 1.38 g MJ™" in 20 cm, 1.59 g MJ™" in 20 x 40 cm, 1.56 g MJ™" in 20 x
60 cm, and 1.50 g MJ" in 20 x 80 cm. The greatest conversion efficiencies could be seen in the 20 cm of paired
line arrangements in the reproductive and vegetative phases.
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Figure 2. The Conversion efficiency (g MJ") of the vegetative (V), and reproductive (R) phases, and the total (T)
of the entire cycle of cultivar BMX Turbo RR with the spatial arrangements of 45 cm (a), crossed (b), 20 cm (¢), 20
x 40 cm (d), 20 x 60 cm (e), 20 x 80 cm (f) respectively

Arrangements of 45 cm during the reproductive phase of BMX Turbo RR cultivars, was the only sample which
presented a great difference in the dried material reproduction between the R3 and R4, development stage of
pods in February coincided with a low volume of precipitated of only 16.2 mm and the highest seasonal
temperature, 36.7 °C. Water demand along the soybean cycle increases with plant development, and the periods
of greatest demand are those between germination and emergence, and the period of flowering, in which,
excesses and deficits can be harmful to establishing a uniform crop, and the growth leaves, flowers, and can lead
to the death of soybean pods, which all results in a reduction of grain production (Manosso, 2005).

Given those findings one can infer that for this cultivation a modification of arrangement provided a better plant
disposition and, consequently, better soil shading which might have favored its development and smaller
sensitivity to the low precipitation volume. In annual cultivations, as with soybeans, management practices such
as the sowing date, cultivation choice, spacing, and seeding density are factors which influence the development
and consequently production of grain (Mauad et al., 2010). One way in which the interception of solar radiation
may be increased is through the appropriate choice of plant arrangement to be used (Argenta et al., 2001).

The cultivars used in this study present distinct traits since the cultivar BMX Ativa RR has a determinate growth
habit, and is relatively small-sized with few branches. BMX Turbo RR has indeterminate growth habit, is
medium-sized with a high branching potential, these factors appeared to determine the different behavior to the
spatial arrangements. The spacing reduction of 20 cm, and paired lines increased the conversion efficiency of the

216



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 9; 2019

cultivars; this is evidenced by a greater solar radiation interception, the greater radiation usage by leafs of the
middle and inferior parts of the plants in paired lines, and a greater usage of diffused radiation due to an increase
of the LAL

Solar radiation interception is one of the determining factors of growth and development of any plant and, due to
presented data on the efficiency of plants in different arrangements, it can be seen that plant arrangement is an
important practice regarding cultivation management (Caron et al., 2012). The amount of energy converted in
dried material depends on the absorption percentage and the usage efficiency of the intercepted energy (Argenta
et al., 2001).

The best spatial arrangement is the one which provides the most uniform distribution of plants per area, enabling
greater utilization of light, nutrients, and water use (Argenta et al., 2001). When a system of paired-lined sowing
is used, the external interlines of the systems can compensate for the internal interline where greater competition
for space exists. It provides, then, a better a leaf distribution along plant’s main stem; aside from taking more
time closing by reducing the potential for soybean cultivations to develop closed canopies, it favors leaves of the
inferior (third) section, and helps the application of phytosanitary products (e.g., pesticides, herbicides) (Holtz et
al., 2014).

Solar radiation interception is dependent on the leaf area index (LAI) and on the light extinction coefficient (k).
Soybeans present an elevated leaf area and a rapid rate of leaflet growth which leads to increased radiation
interception, this all results in substantial ground shadowing and plant competition (Casaroli et al., 2007). This
increase in LAI occurs after the self-shading results in a greater light extinction coefficient as well, even if LAl is
increased, there is an increase of intercepted radiation.

The critical value of LAI necessary to intercept 95% of solar radiation is 3.9 (Schoffel & Volpe, 2001). This
value is influenced by a cultivar’s phenological state and spatial arrangement, as was observed by Heiffig et al.
(2006) while working with soybeans of different spacing and plant densities. The maximum LAI in the RS
phenological state which corresponds to the beginning of grain filling was found in the spacing design 0.20 to
0.60 m between the lines (interlines).

In this case, the maximum LAI reached by the cultivar BMX Ativa RR was 5.0 in RS, and in BMX Turbo RR it
was 5.4 in R3. Both cultivars were grown in a paired arrangement of 20 x 80 cm (Table 1). These phenological
phases are extremely important to soybean development when intensification begins; during grain filling, the
plant’s water, nutrients, and photoassimilates demands are greater (Heiffig et al., 2006). Generally, a linear
increase was observed in LAI during the stadiums and the superiority of the reproductive stadiums.

For the cultivar BMX Turbo RR, the maximum LAI was on phenological phases R1 and R3, when greater LAI
of the cultivation was observed, with 5.8 (LAI) on the 20 x 80 cm arrangement, being equal to 20 x 60 cm with
4.8 (LAI); this is different from the other arrangements. Similar to the previous cultivar, BMX Ativa RR, also
presented a linear increase in LAI as it moved from one phenological stage to the next. The spatial arrangement
with paired lines added on both cultivations LAI. Equally, it was verified positive response with conversion
efficiency previously presented, since these arrangements were superior to others.

The increase of conversion efficiency is likely related to the greater LAI and associated with an increased usage
of diffused radiation that was available in these arrangements. Since it is multi-directional, diffused radiation is
more efficient at penetrating the vegetal canopy when compared to direct radiation, which is unidirectional and
causes self-shading of the inferior leaves (Buriol et al., 1995).
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Table 1. Leaf area index of the soybean cultivars BMX Ativa RR and BMX Turbo RR in different phenological
phases, and in spatial arrangements

Phenological phases

Spatial arrangements

(cm) BMX Ativa RR

V7 V8 R1 R2 R3 R4 RS
45 0.7 aB* 1.1 abB 24 DbA 3.0 DbA 2.6 DbA 24 DA 2.9 DbcA
crossed 1.1 aB 1.0 bB 2.2 DbAB 2.5 DA 2.5 DbA 2.5 DbA 2.0 cAB
20 1.3 aB 1.7 aB 2.5 DbAB 2.5 DbAB 2.7 DbA 32 abA 3.0 bcA
20 x 40 14 aC 1.7 aBC 34 abAB 2.7 bB 4.1 aA 3.1 DbAB 3.3 DbAB
20 x 60 1.1 aC 23 aB 3.2 abAB 34 abAB 3.7 abAB 43 aA 3.3 DbAB
20 x 80 1.1 aC 2.0 aC 3.8 aA 43 aA 48 aA 3.7 abB 5.0 aA

BMX Turbo RR

V7 V8 R1 R2 R3 R4 RS
45 1.0 aB 1.7 aB 3.0 bAB 35 aA 3.7 bA 2.2 DbAB 2.3 aAB
crossed 09 aB 20 aAB 3.1 DbA 3.1 aA 33 bA 2.7 DA 32 aA
20 1.6 aB 1.8 aB 3.1 DbAB 39 aA 43 abA 4.1 abA 33 aAB
20 x 40 1.1 aB 1.5 aB 3.6 DA 3.5 aA 5.0 abA 42 abA 43 aA
20 x 60 1.3 aB 22 aB 4.8 abA 47 aA 4.5 abA 4.0 abA 44 aA
20 x 80 1.8 aC 3.0 aBC 58 aA 41 aB 5.4 aA 54 aA 47 aA

Note. *Averages followed by the same lowercase letters on the column and capital letters on the line are not
differentiated among themselves by Turkey’s test p > 0.05.

Elli et al. (2013), when assessing solar radiation interception of soybeans under distinct spatial arrangements,
observed that the arrangements 20 x 40, 20 x 60, and 20 x 80 cm intercepted 92% of radiation in the RS
phenological phase, where grain filling is initiated; this is extremely important so that the plant may intercept
maximum levels of radiation and convert solar energy to phytomass. These authors affirm that the spatial
arrangement and phenological phase influence soybean cultivations’ interception of radiation since there is a
variation in responses, due to these two factors.

Grain production in the cultivars followed the same tendency, of which arrangements of 20 cm, and paired lines
were the most productive when compared with recommended arrangement of 45 cm (Table 2). Only the cultivar
BMX Turbo RR in the arrangements of 20 and 20 x 40 displayed a statistically significant, superior difference in
productivity, supporting previous findings, since the conversion efficiency and the LAI was also greater in these
arrangements.

Table 2. Productivity (kg ha™) of the soybean cultivars BMX Ativa RR and BMX Turbo RR in different spatial
arrangements compared to the recommended arrangement of 45 cm

Spatial arrangements (cm) BMX Ativa RR BMX Turbo RR
45 2744.6 2114.0

crossed 2196.3 3091.3

20 2748.0 37713

20 x 40 3266.0 3884.0 "

20 % 60 2671.7 2871.6

20x80 2522.3 3046.0

Note. " Statistically significant, greater differences to the recommended arrangement of 45 cm by the Dunnett’s
test p > 0.05.

Spatial arrangements led to greater productivity as was observed by Mattioni et al. (2008). Whereas paired lines
enabled the plant to compensate for the smaller spacing of the internal interlines due to the presence of external
interline, thereby favoring growth and development and leading to an increase in productivity (Carvalho et al.,
2013). Therefore, more studies need to be carried out considering spatial arrangements with regards to
cultivations and agriculture years, in order to discover the best assessment and possible recommendation.
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4. Conclusions

The greatest conversion efficiencies of the cultivars were obtained in paired arrangements. In the paired
arrangements, and 20 cm spatial arrangement, due to a greater leaf area index and possibly greater interception
of diffused radiation, an increase in conversion efficiency and productivity was observed for the cultivars BMX
Ativa RR and BMX Turbo RR.
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