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ABSTRACT

The photosynthetic metabolism is a key point to improve soybean yield. In this work, we demonstrated that radiation
use by soybean plants can be improved, aiming to improve the grain yield in the lower Taraghjective of this

study was to observe whether the increase in solar radiation input in the canopy of soybean plants improves their yield
performance. Three experiments were carried out during the 2017/2018 season. For each experiment, treatments consisted
in the opening of one or two side rows of cultivation at the R2 and R5 stage of soybean plants (NA5909RR) until
maturity, plus a control. Increase on solar radiation provided by the oppening of rows enhanced the yield potential in
the nodes of the lower cangpyainly when two rows were opendthe main benefits of increasing the radiation
available throughout the canopy of soybean plants are observed in the number of pods and thousand-grain weight,
demonstrating the importance of increasing the availability of assimilates in lower leaves. Interéiséggefits of

the increase in solar interceptation were observed regardless of the yield potential of the area, which varied between
4.9 and 6.7 ton ha
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INTRODUCTION suggested #it soybean yield is limited by the strength of
Soybean is the world’leading commodity due to its sinks, since the increments in production are significantly
unquestionable importance to human health and dié?Wer than those observed in the GiSsimilation rateX).
Currently the global production of soybean is 361.1 milliorf oWever much attention has been given to the study on
tons (USDA, 2019), so the constant increase in i§€ increase in the efficiency of carbon metabolism in single
consumption stimulates research that seeks to incred@@ves of the upper canopy of soybean plants or even to
the productive efficiency of the crop. Considering thattudies conducted in a protected environméan Loon
photosynthesis is a key process for crop yield, studi€éal-(2014) demonstrated the importance of considering
on the factors involved with carbohydrate metabolisrfROmpetition between plants in order to obtain accurate data
have been increasingly frequent and one of the ma®h the responses of soybean plants to a certain envirenmen
focuses has been the relationships between the soui@eonditionAdditionally, the ratio between leaves within
and sink of the crop (Ainsworttt al, 2012; Koesteet  the canopy of plants should not be overlooked.
al., 2014). Many studies published in the field of the study on
Historically, research has shown that soybean crop hagurce-sink relationships have addressed environmental
a high level of variation in responses to source-siniress (drought or shade) or the physical manipulation of
modifications, evidencing a characteristic of co-limitationthe relationship between leaves and pods as study tools
which is variable according to genotype and studfKokubunetal, 2001; Liuet al, 2004a; Egli & Bruening,
conditions (Borra®t al, 2004). Bernacchét al. (2006) 2005).Although they are of great importance for studying
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carbohydrate metabolism in the plant, the imposition afevelopment (Fehr & Caviness, 1977), plus a control. Each
stress via limitation of sources or through the physicg@lot was composed of three soybean cultivation rows,
manipulation of sinks promotes pleiotropic effects ospaced apart by 0.40 m, with length of 1 m. The central
plants, which can often mask plant responses. In thisw was considered as usable plot. The rows were opened
context, little has been studied about the simulation aking stakes and wires, by tilting the side rows of the
the increase in radiation input in the lower third of plantsjsable plot to an angle of 45° (Figure 1). The objective of
which has a low participation in the total grain yield of thgust tilting the cultivation rows was to interfere as little as
plant due to the lower interception of solar radiatiopossible in the competition for water and nutrients
(Schwerzt al, 2019). Considering those, it is possible teompared to the side rows. The rows remained open until
improve photosynthetic activity and pod set in thishe end of the crop cycle.
portion of plants, as demonstrated by Schou (1978). The three areas showed different conditions of cultiva-
Considering the high efficiency values of radiatiortion. The first and second experiments were cultivated in
interception ¢i) observed in soybean crop (90%)soils with fertility between medium and highafile 1).
(Ainsworthet al, 2012), a strategy to increase yield couldExperiment 1 was sown on November 3, while experiment
be associated with increment in the conversion of incideBtwas sown on December 7, 2018. The third experiment
radiation into biomasse¢) (Monteith, 1977) and also was cultivated in low-fertility soil, in an area of first
increase in the harvest indegp] referred to as the soybean cultivation, with sowing carried out on November
efficiency with which biomass is partitioned in grain7, 2018. The soybean cultivar used in all experiments was
production (Zhuet al, 2010).Although the increase in NA 5909RR, which has indeterminate growth habit and
the grain filling period may be an important feature, thigelative maturity group of 6.3.
could result in increased costs with management of pests The three experiments were conducted in a no-tillage
and diseases of the crop. Thus, increasing the conversgystem on black oat strai¥asal fertilization for the three
of incident energy into biomass becomes a challenge, aeas was performed with 300 kg'hat the formulated
that changes in leaf metabolism (photosynthesigertilizer 02-20-20 (NPK). Seeds were treated with
respiration and photorespiration), reproductiVieieincy,  Imidacloprid + Thiodicarb (0.5 L 100 kpand Carbendazim
sink strength and even nitrogen metabolism efficiency Thiram (0.2 L 100 kg) and inoculated witBradyrhizo-
are among the main targets (Ainswaetlal, 2012). bium japonicumSEMIA 5079 and SEMIA 5080 (100 g 100
Although there are advances in the harvest index kg?), immediately before sowingit the development
even in the efficiency in radiation interception (Koester stage VE (Fehr & Caviness, 1977), the plant density was
al., 2014; 2016), the participation of lower canopy leaveadjusted to 350,000 plants’hiay means of thinning.
has been neglected in field studies involving this crop. Atthe end of the crop cycle, plant height and first pod
Therefore, the objective of this study was to observeeight were determinedo determine the yield compo-
whether the increase in solar radiation input in the canopents, plants of the usable plot were divided into upper
of soybean plants improves their yield performance. and lower portions. The number of pods, number of grains
per plant, number of grains per pod, grain weight per plant
MATERIAL AND METHODS and thousand-grain weight were determined in each
Three experiments were carried out under fielgortion.Yield was determined after threshing all the plants
conditions during the 2017/2018 season, in the southasfithe plot, adjusting grain moisture content to 13%.
region of Brazil. The experimental area is located at In order to assist in the discussion of the results
coordinates 27°16'26.55" South latitude and 50°30’14.15btained, in the 2019/2020 season, the atmospheric
West longitude, with an average altitude of 987 metersoncentration of CQthrough the plant canopy was
According to the Képpen-Geiger classification, the climatstudied. The study was carried out in an area of soybean,
of the region is cfb type, with an average temperaturiltivar BMX Lanca RR, at R3 stage (Fehr & Caviness,
between 15 °C and 25 °C and average annual rainfall D377). Samples were collected in the lower third of the
1500 mm (Climate-Data, 2020). The experimental soil iglants (0.2 m height from the soil level), in the middle third
classified asCambissolo HaplicdInceptisol) of clayey andimmediately above the last leaves of the upper canopy
texture (Santost al, 2018). Its physical and chemical of the plants. The measurements were performed between
characteristics, as well as the main climatic variables tDh00 and 11h00, in area where the crop was sowing on
the period, are presentedTiable 1. straw of wheat. The evaluations were performed with a
The experiments were conducted in a randomized bloplortable gas exchange metar6400xt model, with open
design with five treatments and four replicates. Treatmerftew system (LI-COR - Lincoln. Nebraska USA). The
consisted in the opening of one or two side rows afevices air inlet was connected to a 6-m-long hose in
cultivation at the R2 stage and at the R5 stage of plamtder to increase the accuracy of the measurements.
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The data were subjected to analysis of variance liycrease in radiation input in the canopy of soybean
the F test (p < 0. 05). Based on the criterion of homogenejiyants caused a slight reduction in plant height,
of the mean squares of residuals between the thregpecially when applied at R2. This result may have arisen
experiments, a joint analysis of the data was performeflom the lower elongation of the last internodes of the
The means were compared by Tukey test (p < 0.05) usistgm apex under conditions of higher available radiation.
the program SISAR (Ferreira, 201). Additionally, all treatments subjected to radiation input

in the canopy caused reduction in the harvest height of
RESULTS

There were significant differences in soybean grain
yield between the three cultivation areaal{fé 2).The
highest value of grain yield was obtained in the Expt.
area, intermediate yield values were obtained in the Exp
area, while the lowest values were observed in the Exp
area. Such difference was already expected, because
the delayed sowing in Expt.2 compared to Expt.1 and al
due to the lower level of soil fertility in Expt.3 compared tc
the others. Higher grain yield in Expt.1 is explained by th
higherTGW, although the number of grains was lowe
than in Expt.2 (&ble 3).Although the highest values of
TGW were obtained in Expt.3, the very low values o
number of grains per plant explain the lower yield:
obtained in this area.

The choice of the three areas allowed the occurren
of soybean plants with distinct growth patterns. Plants
Expt.1 showed higher height compared to the other
Regarding harvest height, the highest values we
observed in Expt.3, which also generated plants of low
height.

The opening of two cultivation rows promoted the
highest values of soybean yield, regardless of the ar
of cultivation, especially when applied at the R2 deve
lopment stage @ble 2). Intermediate values of yield were .

obtained with the opening of one cultivation rawhile  Figure 1: Soybean plant illustration for control treatment (a)
the lowest values were observed in control plants. Thed opening of one (b) or two (c) side rows of cultivation.

(@

Table 1:Chemical characterization of the soil at 0.0-0.2 m lss@wing dates and climatic parameters during growing season

Expt. 1 Expt. 2 Expt. 3
pH 6.7 6.7 4.7
Ca (cmol dn#) 13.3 13.3 2.6
Mg (cmol dmg) 5.2 5.2 1.8
K (cmol dms) 0.2 0.2 0.5
SB (cmol drr) 18.7 18.7 4.9
Al (cmol dm3) 0.0 0.0 25
H+Al (cmol dms3) 1.8 1.8 15.4
m (%) 0.0 0.0 35.0
V (%) 91.0 91.0 24.3
OM (%) 3.3 3.3 4.3
P (mg dnr) 13.1 13.1 2.0
Sowing date Nov-03 Dec-07 Nov-07
Rainfall (mm) 906.2 765.6 876.2
Average temperature (°C) 18.6 18.9 18.5
Total radiation (MJ 1§ 2101 1430 2054

'pH measured in a solution of 0.01M CgGl = Base saturation; m Aluminum saturation; OM= @anic matter?Mehlich-1.
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the plants (@ble 2).This is probably due to the greateropening of only one of the side rows did not affect the
setting of pods in nodes of the lower third of the plant§;GW. On the other hand, the opening of one or two
as a response to the increase in the amount of carbohyttivation rows led to increase in the TGW of the upper
drates available in this canopy stratum. portion of the plants, at both stages tested.

The efects of the increment in yield &ble 2) caused The higher value of grain yield in plants where the
by the greater input of solar radiation in soybean canopwo side rows of the plot were opened at R2 is probably
were observed in terms of number and individual mass diie to a double effect promoted by the increase in radiation
grains (Bble 3)The opening of rows increased the numbenput (Table 2).The first efect is the increase in the
of pods and number of grains in the lower portion ofiumber of pods and grains and the other is the increment
soybean plants, especially when the two side rows weregrain filling, measured through tA&W, considering
opened at R2A determining factor for the setting of that the rows remained open until the end of the crop
soybean reproductive structures is the availability afycle.
carbohydrates (Egli & Bruening, 2001; 2002; 2005). Thus
the increment in radiation input seems to have increasQJSCUSSION
the photosynthetic activity of the lower portion of the Conducting this study in three areas allowed the
plant canopyimproving the availability of assimilates to occurrence of three levels of yield potential for the same
reproductive structures. soybean cultivar @ble 2). Based on this aspect, it is

It is interesting to note that the increase in the numbanportant to highlight that the positive effects of the
of pods and grains of the lower stratum of the planiacrease in solar radiation input in soybean canopy result
occurred even when the rows were opened at R5, whigam the initial yield potential of the plants, since there
there is virtually no more pod settinggfile 3) This efect was no significant interaction between the two study
may have occurred due to the reduction of pod abortidactors. In general, the best results obtained for the
in the lower portion of the canopdithough the applied opening of rows at the R2 stage of plant development
treatments increased the number of pods and grains, thay have been caused by the time of exposure to this
average number of grains per pod was not affected. condition compared to the opening performed at the R5

Although the opening of the cultivation rowsstage.
increased the yield potential of the lower portion of the The availability of assimilates is a primordial factor for
plants (number of pods and grains), this effect was npod setting in soybean crop (Kokubeial, 2001; Egli
observed in the upper portion of the plants considerirand Bruening, 2001; 2002; Lai al, 2004a; 2004b), as well
the adopted level of significance (p < 0.0&ble 3).The as its interaction with hormonal balancea¢¥imaet al,
upper stratum of the canopy naturally has greater acc&§5). The large use of assimilates by pods in fast initial
to available radiation. growth, from early fertilized flowers, is a determining factor

The TGW of the lower portion of the plants was highefor the abortion of late-produced flowers (Egli & Bruening,
when the two lateral rows of the plot were opened, both2002), as it increases their potential for competition for
R2 and at R5 @ble 3). In this portion of the plant, theoften limited sources. This result clearly illustrates the

Table 2:Grain yield, harvest height and plant height of soybean plantS@98RR) as &tcted by increasing on solar radiation on
plant canopy at R2 and R5 stages

Yield (kg ha?) Harvest height (cm) Plant height (cm)

Expt. 1 6671.7 a 28.76 b 119.31 a
Expt. 2 5571.8 b 28.00 b 109.95 b
Expt. 3 4938.4 ¢ 3154 a 88.58 ¢
p 0.00 0.01 0.00
Control 5186.1c¢c 34.65 a 109.10 a
1 row at R2 5535.8 bc 27.83 b 104.40 ab
1row at R5 5269.9 bc 29.75 b 104.98 ab
2 rows at R2 6473.8 a 26.03 b 10250 b
2 rows at R5 6171.3 ab 28.90 b 108.75 ab
p 0.00 0.00 0.02
ExT () 0.12 0.30 0.69
CV (%) 13.59 11.79 5.13

p: probability of F test; E: experiment; treatment. CV coeficient of variation; Means followed by the same letter do ndediby the
Tukey test (p < 0.05).
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competition between sinks for limited sources in amplitude, without causing stress to plants during a highly
condition of field cultivation. Thus, the results obtainedgensitive period like the reproductive stage, mainly at
in the present study make it possible to point out that tiflewering and pod formation stage.
improvement in the access to radiation for leaves of the Another interesting aspect to be highlighted is that
lower portion of plants increased their photosynthetistudies in which the limitation in the sources of
activity and, therefore, the availability of carbohydratephotoassimilates is imposed through shading create a
for reproductive structures of this portion, increasing theondition of increase in the natural shading that occurs
number of pods and grains. This result reveals than leaves of the lower canopy of plants. The results
importance of leaves of the lower canopy of soybeasbserved by Faat al. (2018) reveal that soybean plants
plants for composing their yield. have the ability to regulate characteristics of leaf
Despite the deleterious effects caused by the limitatianorphology and anatomy according to radiation
to sources, using shading, the removal of 90% of soybeawailability. Fiorezeet al.(2013) observed that the drastic
pods under field conditions resulted in increased sucrossduction in the carbon assimilation of leaves of the apex
content in the cotyledon of seeds in formation, increasirgg soybean plants subjected to 80% restriction in total
their individual mass (Egli & Bruening, 2001). Oneincident radiation was slowly overcome after 12 days,
limitation in these results may be associated with the fawhen the plants reached values of assimilation close to
that a 90% reduction in the number of already establishétbse of plants under full sun, indicating an adaptive
sinks can severely affect carbohydrate metabolism, whichechanism. Carbon assimilation in leaves of the lower
can mask some adaptation responses of plants. In tbaopy of these plants, howeveras not measured.
context, source-sink relationships could be better Schouet al. (1978) observed that the opening of
understood by studying variations over time and of smallspybean rows at an angle of 45° during the end of flowering

Table 3: Number of pods (NP) and number of grains (NG) per plant, number of grains per pod (NGP), grain weight per plant and
thousand grain weight (TGW) of soybean plants (NA 5909RR) as affected by increasing on solar radiation on plant canopy at R2 and
R5 stages

NP NG NGP GW (g) TGW (g)
Lower portion of the plant
Expt. 1 13.92 b 28.64 b 2.06b 434 a 151.59 b
Expt. 2 17.00 a 33.19a 1.95c 3.75b 112.04 ¢
Expt. 3 6.31c 13.59¢c 2.16a 2.18¢c 159.71 a
p 0.00 0.00 0.00 0.00 0.00
Control 10.25 ¢ 20.58 ¢ 2.02 270 c 135.45 b
1 row at R2 12.11 abc 24.46 bc 2.07 3.25 bc 136.17 b
1 rows at R5 11.17 bc 22.84 bc 2.08 3.03¢c 139.86 b
2 rows at R2 14.82 a 30.33 a 2.08 4.14 a 142.90 ab
2 rows at R5 13.70 ab 27.49 ab 2.04 4.00 ab 151.20 a
p 0.01 0.01 0.35 0.00 0.00
AXT (p) 0.07 0.07 0.91 0.00 0.12
CV (%) 19.94 19.65 4.05 20.28 5.92
Upper portion of the plant

Expt. 1 39.95b 92.53 a 2.32b 14.72 a 158.79 b
Expt. 2 46.14 a 97.25a 2.11c 12.17 b 125.29 ¢
Expt. 3 28.50 c 68.76 b 2.41a 11.93 b 173.26 a
p 0.00 0.00 0.00 0.00 0.00
Control 36.70 82.85 2.28 1212 b 148.00 b
1 row at R2 37.40 84.35 2.27 12.57 ab 150.59 ab
1 row at R5 35.97 81.42 2.28 12.03 b 150.32 ab
2 rows at R2 41.07 93.46 2.30 14.36 a 156.82 a
2 rows at R5 39.83 88.82 2.26 13.63 ab 156.49 a
p 0.08 0.10 0.78 0.02 0.01
AXT (p) 0.31 0.37 0.70 0.22 0.07
CV (%) 12.85 13.50 4.04 14.09 4.18

p: probability of F test; E: experiment; treatment. CVcoeficient of variation; Means followed by the same letter do ndediby the

Tukey test (p < 0.05).
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and beginning of pod formation led to increments in podanopy of plants, including the leaves of the lower canopy
setting and, consequently grain yield, using or not can increase the efficiency of conversion of energy into
reflective aluminum plates. In this context, it is interestingrain production. Similar results were obtained by Schwerz
to highlight that the positive responses to this type @t al.(2019).
environment remained in a cultivar released almost 40 Walkeret al.(2018) suggested that chlorophyll content
years after the publication of this work. The resultsould be reduced in soybean leaves without compromi-
obtained in the present study demonstrate a clear effsthg photosynthesis. Howevethe authors did not
of the increase in the efficiency of radiation use by plantspnsider the restrictions on the access to radiation in the
since greater access to radiation in leaves of the lowlewer canopy of plants, since single rows were used in
portion maintains the “sun leaves” characteristic and cdhe studyAccording to Slattergt al.(2016), reduction in
reduce losses by photorespiration. The absence the amount of chlorophyll b (investment in antenna
significant variations in CQconcentration between the complex) could improve the distribution of available
upper and lower canopy of soybean plants (Figure Padiation between chloroplasts through leaf cell layers,
demonstrates that G@s not a limiting factor for the although the results are not absolutely conclusive. In this
photosynthesis of these leaves. case, the reduction of chlorophyll b content would not
Although the CQconcentration is not a limiting factor necessarily imply a reduction in the total content of
for the lower canopy of soybean plants (Figure 2photosynthetic pigments, but a possible change in the
Pieruschkeet al. (2010) observed that soybean leaveproportion between antennae and reaction centers along
with heterobaric anatomy do not have lateral diffusion dhe canopy of plants. Studies conducted with recent
gases between sunny and non-sunny portions, unlikeybean cultivars show that higher daily rates of carbon
leaves olcia faba which are homobari@his can further assimilation occur under conditions of high stomatal
reduce the performance of leaves of the lower third @bnductance and good water content available in the soil,
soybean plants, which are in an environment with great addition to high chlorophyll content and higher sink
variation of access to radiation. Thus, it is evident thatrength in the final portion of grain filling (Koestral,
the greatest limitation to the photosynthetic metabolisi2016).
of leaves of the lower canopy of soybean plants is the It is important to highlight that the results presented
low incidence of photosynthetically active radiationby Koesteret al. (2014; 2016) were obtained under
Despite the high efficiency in the interception of incidentultivation conditions of the USA, which has higher lati-
solar radiationgj=0.9), observed in current varieties oftude of cultivation and, consequentinger daily duration
the USA, only 60% of the incident energy is convertedf the radiation period available during grain filling. In
into grain productionsfp=0.6) (Zhwet al, 2010). Based on addition, the authors used spacing of 0.76 m between
this, the results of the present study demonstrate that theétivation rows, in contrast to the values between 0.40
better utilization of the available radiation by the entirand 0.50 m practiced in BrazWan Loonet al. (2014)
demonstrated the importance of considering the
competition between plants to obtain more accurate data

428 = of soybean responses to a given environmental condition.
_ 410 - The results observed in the present study demonstrate
g that soybean plants may present increased production
£ 400 - under conditions where the capacity of the sources is
§ increased overall. Thus, even with the development of
g 390 1 modern cultivars, such as the one used in the present
§ 380 study there is still much to be improved in relation to the
8 access of the lower canopy of plants to photosynthe-
S 370 - tically active radiation. These improvements will certainly
© be associated with changes in the architecture, orientation
360 - or even size of leaflets, as well as changes in the
ultrastructure of chloroplasts and also in the photosynthe-
350 ! ) ! ' tic metabolism of plants.
Lower Medium Upper
Canopy portion CONCLUSIONS

Figure 2: CO, concentration through soybean (BMX Lanca, Increase in radiation input in soybean canopy can

RR) canopy between 10h00 and 11h00 at R3 stage (Fehrierease the yield potential of plants, especially in the
Caviness, 1977). nodes of the lower canopy
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