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Abstract

This study aimed to evaluate the agronomic efficiency of phosphorus at different soil base
saturation in soybean production. Two experiments were conducted (greenhouse and field) in
the 2016/2017 growing season in a DBC experimental design, with a factorial arrangement 3
(base saturation) x 4 (phosphorus levels), with four replications. Number of pods per plant
(NVP), number of grains per plant (NGP), first pod height (A1V), number of grains per pod
(NGV), one thousand grain weight (PMG) and yield (PROD) were evaluated. In the
greenhouse experiment, there was a significant difference for the interaction SxP (base
saturation x phosphorus levels) for the variables NVP, NGP and vyield, and for the field
experiment, only the yield was significant. For the base saturation, only the A1V was
significant and for the phosphorus, only the NVP had a significant effect. Phosphorus
fertilization in Cerrado soils increases soybean yield and has an agronomic efficiency of 14.59
kg in soils with 50% base saturation and 12.87 kg soybean grains per kilogram of phosphorus
applied in soils with base saturation at 70%, within high yield standards.

Keywords: Limestone; Phosphate fertilizer; Yield components; Glycine max; Cerrado;

Greenhouse x Field.

Resumo

Este trabalho teve como objetivo avaliar a eficiéncia agrondmica do fésforo em diferentes
niveis de saturacdo por bases do solo na producdo de soja. Foram conduzidos dois
experimentos (casa de vegetagdo e campo) na safra 2016/2017 em delineamento experimental
DBC, com arranjo fatorial 3 (saturacdo por bases) x 4 (niveis de fosforo), com quatro
repeticdes. Foram avaliados o nimero de vagens por planta (NVP), nimero de grdos por
planta (NGP), altura da primeira vagem (A1V), nimero de grdos por vagem (NGV), peso de

mil grdos (PMG) e produtividade (PROD). No experimento em casa de vegetacdo, houve
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diferenca significativa para a interacdo SxP (saturagdo por bases X niveis de fésforo) para as
varidveis NVP, NGP e produtividade, e para 0 experimento em campo, apenas a
produtividade foi significativa. Para a saturacdo de bases, apenas o A1V foi significativo e
para o fosforo, apenas o NVP teve efeito significativo. A fertilizacdo com fosforo em solos de
Cerrado aumenta a produtividade da soja e tem uma eficiéncia agrondmica de 14,59 kg em
solos com 50% de saturagdo por bases e 12,87 kg de grdos de soja por quilograma de fésforo
aplicado em solos com saturacdo por bases de 70%, dentro de padrdes de alto rendimento.
Palavras-chave: Limestone; Fertilizante fosfatado; Componentes de rendimento; Glycine
max; Cerrado; Estufa x Campo.

Resumen

Este estudio tuvo como objetivo evaluar la eficiencia agronémica del fosforo a diferentes
saturaciones de bases del suelo en la produccién de soja. Se realizaron dos experimentos
(invernadero y campo) en la temporada de crecimiento 2016/2017 en un disefio experimental
DBC, con arreglo factorial 3 (saturacién de bases) x 4 (niveles de fdsforo), con cuatro
repeticiones. Se evalué el nimero de vainas por planta (NVP), el nimero de granos por planta
(NGP), la altura de la primera vaina (A1V), el nimero de granos por vaina (NGV), el peso de
mil granos (PMG) y el rendimiento (PROD). En el experimento de invernadero, hubo una
diferencia significativa para la interaccion SxP (saturacion de bases x niveles de fosforo) para
las variables NVP, NGP y rendimiento, y para el experimento de campo, solo el rendimiento
fue significativo. Para la saturacion de bases, solo el A1V fue significativo y para el fésforo,
solo el NVP tuvo un efecto significativo. La fertilizacion con fésforo en suelos del Cerrado
aumenta el rendimiento de la soja y tiene una eficiencia agrondémica de 14,59 kg en suelos
con 50% de saturacion de bases y 12,87 kg de granos de soja por kilogramo de fosforo
aplicado en suelos con saturacion de bases al 70%, dentro de estandares de alto rendimiento.
Palabras clave: Piedra caliza; Fertilizante de fosfato; Componentes de rendimiento; Glycine

max; Cerrado; Invernadero x campo.
1. Introduction
Soybean [Glycine max (L.) Merr.] is a crop with high capacity to grow in varied soils

and climates, which make it a versatile crop and one of the most widely grown in the world

(Loman and Ju). This occurs mainly in large-scale commercial systems such as the USA,
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Brazil, Argentina, China and India (FAO, 2016). It is cultivated throughout Brazil and is one
of the most important crops for export, as well as for national consumption.

The Cerrado biome region is a leader in soybean production in Brazil (Dall’Agnol,
2016), however its soils are highly weathered, which is generally characterized by low
nutrient availability to plants (Silva et al., 2015). Soil quality is one of the important aspects
to consider when increasing yields (Amaral et al., 217).

Soil management by correcting acidity and providing adequate nutrient levels (Franca
Neto et al., 2016), is one of the factors that ensure soybean production in this region of Brazil.
Another important factor is that field applied limestone provide higher leaf contents of N, P
and Ca (Broch and Ranno, 2012), causing an increase in yield, probably due to an increase in
Ca2* and Mg?* contents (Zandora et al., 2015).

Among the essential nutrients for soybean cultivation, phosphorus (P) is limiting for
growth and indispensable in several physiological factors and biochemical processes
(Simpson et al., 2015; Wang et al., 2014). It is essential in cell division, participates in shoot
and root system growth, as well as reproduction and plant metabolism (photosynthesis,
respiration and compound synthesis) (Taiz et al., 2017).

Nutrient efficiency is measured by the ratio of yield to applied inputs, i.e. amount of
dry matter or number of grains produced per unit of applied nutrient (Fageria, 2001). This can
be affected by soil properties, phosphate sources, modes of application and plant species
(Chien and Menon, 1995).

In Cerrado soils, in particular, it can also be facilitated by liming, because it is
considered as one of the practices that contributes most to increase soybean productivity
(Zandona et al., 2015), as it increases the base saturation, reduces adsorption/precipitation of
P in soil, increasing its availability for plant absorption, corrects soil acidity, provides calcium
and magnesium, and neutralizes aluminum phytotoxicity in the soil (Bambolim et al., 2015).

Adequate phosphorus supply is also of great importance for good soybean yield
(Franca Net et al., 2016). This is because with increasing P levels in plant nutrition, P
accumulation also increases in different parts of the plant (Trevizam et al., 2013).

Given the possibility of achieving greater gains in soybean production, this study
aimed to evaluate the agronomic efficiency of phosphorus in different base saturations in

soybean yield.
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2. Methodology

2.1. Study area

Two experiments were carried out, both in the 2016/2017 growing season, with
soybean cultivar FTR 1186 IPRO, indeterminate growth habit, 130-day cycle and maturity
group 8.6. The experiments (greenhouse and field) were conducted in the experimental area at
the Federal University of Piaui - UFPI, Campus Professor Cinobelina Elvas, in Bom Jesus,
State of Piaui, Brazil. The area is located at coordinates 09°04'46.3 "'S, 44°19'37,5" W, with
average elevation of 282 m. The climate according to the Kdppen classification is Aw, hot
and humid with an average temperature around 24°C. The average annual rainfall is around
1,100mm, concentrated from November to March. Climatic data were collected from the

UFPI weather station during the experiment, as shown in Figure 1.

Figure 1. Climate data in Bom Jesus, State of Piaui, 2017, in the experimental period.
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Fonte: Dados da pesquisa, UFPI, Bom Jesus — PlI.

2.1.1 Experiment 01

The experiment was carried out in a greenhouse in plastic pots with capacity for 14 kg

soil. The soil used was collected from the 0-20 cm layer in a Cerrado area in Bom Jesus, State
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of Piaui. After collection, the soil was homogenized, sieved and subjected to chemical
analysis, and according to the results in Table 1, 60 days before sowing, it was applied
dolomitic limestone with 88% PRNT in different amounts, 0.464g/plot and 928g/plot, (each
plot was represented by 12 pots, totaling 48 pots), in order to obtain three base saturation

values 50, 60 and 70% respectively.

Table 1. Chemical characterization of soil (experiment 01) in the greenhouse. Bom Jesus,
2017.

pH H+ Al Al Ca Mg K SB T P K
HO s [011170] (601 R mg dm3-------
5.3 3.30 0 2.32 0.67 0.33 3.32 6.62 2.9 130.1
Cu Fe Mn Zn \Y m OM Clay Silt Sand
mg dm® % % g/kg
1.35 275.13 30245  3.98 50.2 0 12.03 162 758 80

Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

Shortly before sowing, phosphate was applied individually in each pot, using four
phosphorus levels: dose recommended by soil analysis (3.99g/pot - here called 1.0), 25%
above the recommended dose. (4.89g/pot - here called 1.25) and 50% above the
recommended dose (5.98g/pot - here called 1.5), and the control (0% phosphorus), the source
of phosphorus used was single superphosphate. Five soybean seeds were sown in each pot,

and after thinning only three seedlings were left in each pot.

2.1.2. Experiment 02

The experiment was implemented in the field in January 2017. Soil samples for

chemical and physical analysis (Table 2) was taken by sampling in the 0 - 0.20 m layer.
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Table 2. Chemical characterization of soil in experiment 02 (Field). Bom Jesus, 2017.

pH H+ Al Al Ca Mg K SB T P K

H,0O e cmoledmBeemmemmeeeeee- mg dm3--—----

53 2.64 0 1.42 0.51 0.39 2.32 4.96 15.8 150.8

Cu Fe Mn Zn Y m oM Clay Silt Sand
mg dm3 % % g/kg

0.08 76.21 12.21 3.03 49.7 0 13 100 173 727

Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

The soil was prepared by a leveling grid in the whole experimental area, delimited in
432m?, divided into four blocks, and according to the soil analysis, limestone was applied to
obtain three base saturation values, 50, 60 and 70% with the respective levels (0; 9.5kg;
13.1kg limestone/plot), as well as phosphorus levels: Recommended by soil analysis
(601.1g/subplot - here called 1.0), 25 % higher than recommended (751.5g/subplot - called
here 1.25) and 50% higher than recommended (901.8g/subplot - called here 1.5) and control-
0%.

Limestone was applied 60 days before soybean sowing using 88% PRNT dolomitic
limestone. Phosphate fertilization was performed along with sowing in the furrow using
single superphosphate and manual sowing, distributing 18 seeds in the planting row; later
thinning was done leaving only 9 plants per row. The experimental unit was represented in
9m? consisting of 9 planting rows of 3 meters in length with 0.45 cm spacing. And the useful
area of each plot consisted of the 5 central rows, disregarding the 2 rows of each end.

The experimental design used in both experiments was randomized blocks (DBC), in a
factorial arrangement of 3 (base saturation) x 4 (phosphorus levels), with four replications.

Harvest was performed manually and the material was taken to the seed analysis
laboratory of the university for the other analyses.

The experiment 01 evaluated the plants of the experimental unit (pot) and in
experiment 02, 10 plants of the plot useful area were randomly marked for evaluation of crop
yield components.

The yield components evaluated in both experiments were:

a) Number of pods per plant: obtained by the ratio of the total number of pods to the
total number of plants collected in the useful area of the plot (Petter et al., 2012).

b) Number of grains per plant - the number of grains of each plant is counted,

separately, then the average is calculated (Dalchiavon and Carvalho, 2012).
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c) Height of the first pod: in cm, measured from the ground level to the lower end of
the first pod during the maturation period (Alcantara Neto et al., 2012).

d) Number of grains per pod - determined by the average number of seeds divided by
the average number of pods of plants in the useful area of the plot (Zandona et al., 2015).

e) One thousand grain weight - Eight repetitions of 100 grains were separated and
weighed. The result is expressed in grams (Brasil, 2009).

f) Yield - used for plants in the useful area (greenhouse and field) and estimated in kg
ha! (13% moisture content on a wet basis) (Barbosa et al., 2014).

g) Nutritional efficiency - ratio of total biomass to the amount of nutrient absorbed. It

was expressed by the following calculation (Fageria, 1998; Fageria et al., 2014) as follows:

Agronomic Efficiency = production in kg with fertilization — Production in kg without fertilization

Amount of nutrient applied in kg

2.2. Statistical analysis

Data from field production components and laboratory data were always treated as
qualitative and the randomized block analysis of variance was performed in a split plot
arrangement, with saturation assigned to plots and phosphorus to subplots. Subsequently, the
significance of the interaction was detected and the means were broken down and compared
by Tukey’s test at 5% probability.

The results were tested for normality by ShapiroWilk, variance test by F-test (p <0.05)
with the statistical software R 3.6. Quantitative factors (limestone dose and phosphorus level)

were analyzed with regression equation adjustments.

3. Results

The Cerrado in the State of Piaui has soils with different base saturation, being mostly
weathered and nutrient-poor soils. To solve this problem, it is necessary to fertilize the soil so
that the crop to be planted can respond in productivity. Finding the agronomic efficiency of
fertilizer use at different base saturations is of utmost importance, as it is necessary to increase
yield at a lower cost as the application savings become relevant for small, medium and large

soybean producers.
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The analysis of variance evidenced a significant effect of the interaction Saturation (S)
x Phosphorus P205 levels (P) for the variables: number of pods per plant (NVP), number of
grains per plant (NGP), and yield (PROD) for the greenhouse experiment and non-significant
for the field experiment (Table 3).

Table 3. Summary of analysis of variance for number of pods per plant (NVP), number of
grains per plant (NGP), first pod height (A1V), number of grains per pod (NGV), one
thousand grain weight (PMG), and yield (PROD).

Greenhouse experiment
QM
NVP NGP AlV(cm) NGV PMG PROD
Block 3 37923 64.09 2.690 0.048 182.36 0.038
Satur (S) 2  35.8™ 169.7"  35.72"™ 0.053™ 128.0"™  0.003"
errora 6 16.118 59.96 0.980 0.014 820 0.070
3
6

SV DF

P205 (P) 2006.6™ 129377  3.761"™  0.061"™ 87.7" 4.070™
SxP 336.3" 1704  2.654™  0.035™ 48.80™  0.380"
errob 27  33.53 95.29 1.813 0.017  38.67 0.035

CVa% 5.02 4.87 5.46 4.48 7.92 7.76
CVb% 7.23 6.13 7.42 4.98 5.44 5.51
Mean 80.04 159.1 18.14 2.650 1144 3.401

Field experiment

Block 3 16.3 93.7 44.8 4.34 46.4 274658
Satur(S) 2 37.4™ 215" 34.3" 799" 531"  3678274"™
error a 6 27.1 156 53.7" 14.8 67.4 191577
P205(P) 3  26.87 154" 43.2 32.3™  2686"™ 12744109

SXxP 6 23.2" 134" 24.3" 337" 346™  2316844**

errob 27 141 80.9 31.4 27.4 18.7 233093
CVa% 4.52 4.52 23.0 5.84 11.6 9.43
CVbh% 3.25 3.25 25.3 7.95 6.08 10.4
Mean 115 277 22.2 65.9 71.0 4643

"% % ** non-significant, significant at 5 and at 1% respectively by Snedecor’s F-test. Base Saturation
(Satur), Phosphorus P205 (P), Interaction between base saturation and phosphorus levels (S x P).
Fonte: Research data, Laboratory of UFPI, Bom Jesus - Pl
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Base saturation, both in greenhouse and field, was altered by applying limestone,
thereby increasing the availability of soil phosphorus for both evaluated experiments
(greenhouse and field) (Figure 2).

Figure 2. Phosphorus behavior in soil with increasing base saturation.
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As for the number of pods per plant, there was no significant interaction for the
treatments in the field experiment, but there was difference for the greenhouse experiment
(Table 1, Figure 3A). However, the field experiment showed isolated responses to phosphorus
levels (Table 1, Figure 3B).

Figure 3. Number of pods per plant for the interaction (S x P) in the greenhouse (Figure 3A)

and for the phosphorus levels in the field experiment (Figure 3B).
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In the greenhouse, the phosphorus levels resulted in significant increases for the
number of pods per plant. For base saturation 50%, the best response of phosphate
fertilization is at the recommended dose, at which it obtained 96.2 pods per plant. At base
saturation 60%, there was no statistical difference between the recommended dose, 25% and
50% more than the recommended dose, but were higher than the control. At 70% saturation,
the best dose was the 50% higher than the recommended, with 102.4 pods per plant (Figure
3A).

In the field experiment (Figure 3B), the highest results were found at the dose
recommended by the analysis, with 88.83 pods per plant. Unlike the greenhouse, the field
experiment is influenced by climate change and for this reason the number of pods per plant
are lower than that in the greenhouse experiment.

For the number of grains per plant, all levels of phosphorus were superior to the
control. For the 50% base saturation, the best model was the quadratic regression, presenting
the greatest number of grains per plant at the recommended dose, yielding 201 grains per

plant with 89.62% more grains compared to the control (Figure 4).

Figure 4. Number of grains per plant for interaction (S x P) in the greenhouse experiment.
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Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

For 60% base saturation, there were no significant results for the recommended doses,
25% and 50% more than the recommended dose, however, these results were superior to the

control. For 70%base saturation, the highest number of grains per plant is at the dose 50%

11
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more than the recommended, with a yield of 203 grains per plant with 79.64% more grains
compared to the control.

For the first pod height (AlV), there was statistical difference only for the Base
saturation in the field experiment (Figure 5) and none of the factors were significant for the

greenhouse experiment.

Figure 5. First pod height in response to increased base saturation in the field experiment.
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Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

The first pod height is inversely proportional to the base saturation, that is, as the base
saturation increases, the first pod height decreases (Figure 5).

For the number of grains per pod and one thousand grain weight, there was no
significant difference in both experiments for the phosphorus levels and limestone doses
applied (base saturation), presenting averages between 2.6 and 2.8 for number of grains per
pod and 111.7 and 118.26 g for one thousand grain weight, respectively.

For both experiments (greenhouse and field), there was a statistically significant
difference for the interaction (S X P) (Table 3). For the greenhouse experiment, there was an
increase in grain yield according to phosphorus levels at different base saturations and the
best yield response occurred at the recommended dose and 50% more than the recommended
dose with a yield of 5860 and 5680 kg.ha, respectively. At 60% base saturation, the yield
behaved linearly with the highest yield at the dose 50% higher than the recommended with a
yield of 4820 kg.ha* (Figure 6A).

12
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Figure 6. Yield according to phosphorus levels for the different base saturation in the

greenhouse (Figure 6 A) and field (Figure 6 B) experiments.
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For the field experimente, there was an increase in grain yield as a function of
phosphorus levels at different base saturations and the best yield response was found with the
dose 50% more than the recommended at 70% base saturation. For 50% base saturation, the
best dose was the recommended one, with a yield of 3860 kg.ha® and for 60% base
saturation, the yield growth was linear and its highest yield was found with the dose 50%
more than recommended with a yield of 3800 kg.ha™.

In order to better understand the interaction between soybean yield components, we
corrected the number of pods per plant (NVP), number of grains per plant (NGP), first pod
height (A1V), number of grains per pod (NGV), one thousand grain weight (PMG) and yield
(PROD) for both experiments (Table 4).
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Table 4. Correlations between the variables: number of pods per plant (NVP), number of
grains per plant (NGP), first pod height (A1V), number of grains per pod (NGV), one
thousand grain weight (PMG) and Yield (PROD) for both experiments.

Greenhouse
NVP NGP AlV NGV PMG PROD
NGP 0.906™
AlV -0.005" -0.016"

NGV 0.197" 0.248™  -0.172"™
PMG 0.030™ 0.129™ 0.237"™  -0.051™
PROD 0.912™ 0.914™ 0.049™  0.217™ 0.273"™

CE 0.064" 0.025"™  0.042"™  0.132™ -0.068" 0.109™
Field
NVP NGP AlV NGV PMG PROD
NGP 1.00™
AlV -0.14" -0.19™
NGV 0.16™ 0.16™ -0.18™
PMG 0.10™ 0.27" 0.16™ -0.05™
PROD 0.30" 0.58™ -0.09™ 0.16™ 0.86™
CE -0.12ns -0.02" -0.09™ 0.03"™ 0.01™ 0.02"

" * ** non-significant, significant at 5 and 1% by F-test.
Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

In the greenhouse, there was a highly positive correlation between some variables.
Significant values are in the correlation between NVP and NGP variables with 0.906; between
NVP and PROD with 0.912; and NGP and PROD with 0.914. These values, besides being
statistically significant, represent that the obtained samples are in fact an estimate of the true
value of the population correlation. There is no linear correlation between the other variables.

Similar to the greenhouse, there was a significant positive correlation between the
variables NVP and NGP with 1.00; between NVP and PROD with 0.30; between NGP and
PMG with 0.27; between NGP and PROD with 0.58; and between PMG and PROD with
0.86. In the greenhouse experiment, there were more variables with positive correlation than
in the field experiment, most of them correlated with yield. This is important because
knowing these correlations can estimate soybean yield and production for both environments
studied.
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Agronomic Efficiency

To compare the phosphorus levels as to production, the Agronomic Efficiency (EA)
was calculated for the two experiments (Table 5) in the different base saturation, which is the
ration of the total biomass to the amount of nutrient absorbed (Viviane et al., 2010). For the
greenhouse experiment at 50% base saturation, it was observed that the control (without
phosphorus application) was 2560 kg ha* and the recommended dose was 3640 kg ha™* and
the agronomic efficiency for this dose was 9 kg soybeans per kilogram of phosphorus applied,
the highest in relation to the others of the same saturation. For the same saturation, in the field
experiment, the control was 2776 kg ha™ and the dose 25% above the recommended (1.25)
with 4965 kg ha?; this agronomic efficiency was 14.59 kg soybeans per kilogram of
phosphorus applied, this is the highest EA in this study.
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Table 5. Agronomic efficiency of phosphorus in soybean crop. Greenhouse and field

experiments at different base saturation. Bom Jesus, 2017.

Greenhouse Field
50% Saturation

Treatments PROD Agronomic Efficiency PROD Agronomic Efficiency
P205 Levels  (kg.hat) kg grains/kg P (kg.ha') kg grains/kg P

Test 2.560 0 2776 0
Recom (1.0) 3.640 9 3887 9.26

1.25 3.860 8.67 4965 14.59

15 3.520 5.33 4862 11.59

60% Saturation

Treatments PROD Agronomic Efficiency PROD Agronomic Efficiency
P205 Levels  (kg.ha™) kg grains/kg P (kg.ha) kg grains/kg P

Test 2.560 0 2753 0
Recom (1.0) 3.660 9.17 3282 4.41

1.25 3.540 6.53 3273 3.47

15 3.800 6.89 4059 7.25

70% Saturation

Treatments PROD Agronomic Efficiency PROD Agronomic Efficiency

P205 Levels  (kg.ha™) kg grains/kg P (kg.hat) kg grains/kg P
Test 2.580 0 2893 0
Recom (1.0)  3.430 7.08 3188 2.46
1.25 3.250 4.47 4570 11.18
15 4.400 10.11 5209 12.87

Fonte: Research data, Laboratory of UFPI, Bom Jesus — PI.

For the greenhouse experiment at 60% base saturation, the control (without
phosphorus application) was 2560 kg ha® and the recommended dose was 3660 kg ha* and
the agronomic efficiency for this dose was 9.17 kg soybeans per kilogram phosphorus
applied, the highest in relation to the others of the same saturation. For the same saturation, in
the field experiment, the control was 2753 kg ha* and the dose 50% above the recommended
(1.5) was 4059 kg ha?, the agronomic efficiency was 7.25 kg soybeans per kilogram
phosphorus applied; this EA was the greatest of this base saturation.

For the greenhouse experiment at 70% base saturation, the soybean yield without the

addition of phosphorus was 2580 kg ha and with the application of phosphorus at a dose of
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50% higher than recommended, the yield increased to 4400 kg ha®, with an agronomic
efficiency of 10.11 kg soybeans per kilogram phosphorus applied. For the field experiment,
the soybean yield without the addition of phosphorus was 2893 kg ha and with the
application of phosphorus at a dose of 50% higher than recommended, the yield increased to
5209 kg ha?' and presented an agronomic efficiency of 12.87 kg soybeans per kilogram

phosphorus applied.

4. Discussion

Limestone application increased the base saturation and this in turn increased the
availability of phosphorus in the soil for the two evaluated experiments (field and
greenhouse). Examining Figures 2A and B, it can be seen that the level of phosphorus at 70%
base saturation has almost doubled compared to the 50% base saturation. This is because
limestone contributes to the efficiency of phosphate fertilization (Viviani et al., 2010). And
consequently, contributes to increased yield.

For both experiments evaluated, levels of phosphorus and limestone applied did not
promote significant responses in the first pod height. There was no significant regression at
the 5% probability level, however, the average first pod height found in this study ranged
from 16.4 to 19.1 cm, values considered above the recommended for mechanical harvesting.
The first pod height considered as suitable for mechanized harvesting is between 10 and 15cm
(Mauad et al., 2010).

The lack of effect of phosphorus levels for this component may be related to the fact
that phosphorus is required throughout the crop cycle, however, 60% is absorbed after
flowering, when the first pod height has already been defined, thus most of the time there was
no influence of phosphorus levels on this variable (Rezende et al., 2005).

The variable one thousand grain weight showed no significant difference for the
phosphorus levels and limestone applied in both experiments, with averages between 111.7
and 118.26 g for the field experiment and 110.15 and 116.8 g for the greenhouse experiment.
The results found in this study differ from the results presented by (Marin et al., 2015), who
found that the phosphorus supply contributes to the increase in seed mass, with a positive
effect of phosphate fertilization.

Although the treatments were not statistically significant, this is a component of

fundamental importance, as it contributes to the increase in crop yield (Moterle et al., 2009),
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since the weight of a thousand grains gives an idea of the size, state of maturity and health of
the grains (Brasil, 2009).

For the field experiment, the quadratic regression model best described the effect of
phosphorus levels on the number of grains per plant (Figure 3). The level that resulted in the
highest number of grains per plant was the dose recommended by soil analysis, with a yield of
175 grains per plant, with 65% more grains than the control. The effects of phosphorus levels
allowed a better development of the soybean plant and thus favored the grain yield per plant.

For the greenhouse experiment, the number of grains per plant showed significant
results for phosphorus levels and limestone doses, but there was no significant interaction
between treatments. As in the field experiment, the quadratic regression model best
represented the results for phosphorus levels and limestone doses (Figure 4 A, B). The
phosphorus level of 50% above the recommended dose resulted in the highest number of
grains per plant (Figure 4A), with 36% more grains in relation to the control. These results
may be related to the phosphorus distribution in the soil profile, which provided better uptake
of this nutrient by the plant. These results are directly related to increased soybean yield.

The application of limestone contributed to a better result in the number of grains per
plant, the base saturation values of 60 and 70% presented the best results, as shown in figure
4B. This may be justified by the fact that liming provides greater availability of soil nutrients.

For the number of pods per plant, there was no significant interaction for the
treatments for both experiments. Nevertheless, the greenhouse experiment showed isolated
responses for the phosphorus levels and limestone doses applied. And for the field
experiment, only the phosphorus levels obtained a significant response.

The number of pods per plant increased quadratically with the phosphorus levels in
both experiments (Figure 5 and 6 B), showing a linear response only for the greenhouse
experiment for the base saturation evaluated (Figure 6 A).

In the field experiment, the highest results were found at the dose recommended by the
analysis, with 88.83 pods per plant. And for the greenhouse experiment, the maximum vyield
was found at a dose of 50% above the recommended by the analysis, with 24.84 pods per
plant. The results may be because phosphorus levels combined with soil equilibrium allowed
roots to have developed better, contributing to plant development, and thus reflecting the
higher number of pods per plant. This is one of the components that most contributes to the
grain yield in soybean crops, since it has the highest correlations with production (Zandona et
al., 2015). Therefore, when seeking vyield increases, attention should be paid to this

component.
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Limestone doses positively influenced the number of pods per plant, as observed in
Figure 6 A. This may have been due to the fact that limestone increased soil base saturation,
and in a greenhouse, some conditions were better controlled, including rainfall, more
homogeneous soil, as soybean plants were in pots and this favors the best reaction of
limestone and phosphorus absorption by plants.

Phosphorus levels showed significant increases in the number of pods per plant in both
experiments (Figures 5 and 6 B). This is because production components are influenced by
phosphate and potassium fertilizers, and in soybean crop, P deficiency decreases yield
potential by lower production of flowers and pods (Oliveira Junior et al., 2011). The results of
these studies are promising as they positively reflect the final yield of soybean crop.

The quadratic regression model best described the effects of phosphorus levels on
soybean yield for the field experiment (Figure 7), which was not related to the base saturation
values. The phosphorus level that presented the best results was the recommended dose by
soil analysis with a yield of 4858 kg/ha™.

High levels of phosphorus provide higher yields of soybeans, with greater likelihood
of nitrogen fixation due to greater nodulation stimulation (Araujo et al., 2005). This is
because the nitrogen response is directly proportional to phosphorus fertilization (Novais and
Smyth, 1999).

For the greenhouse experiment, there was an increase in soybean grain production as a
function of base saturation and higher phosphorus availability in the soil, with higher grain
yield at a dose of 50% above the recommended by soil analysis, with 4104 kg ha* (Figure 8
B). And 70% base saturation provided the highest grain yield, 3503 kg ha, while 50% base
saturation yielded the lowest value, 2771 kg/ha™ (Figure 8 A). These results of base saturation
are because limestone provides soil phosphorus (Franca Neto et al., 2016). And just as in the
other variables, the base saturation was significant only in the greenhouse experiment, this
may have occurred due to the cultivation in pots, under favorable conditions for plant
development, as well as the controlled conditions provided by the protected cultivation.

The high yield results found in these studies may also be justified by the fact that very
high doses of P respond positively in soils with low content of available phosphorus
(Schlindwein an Gianello, 2005) and according to the soil analyses (tables 03 and 04),
phosphorus values are considered low and very low for annual crops, and the crop response to
fertilizer use depends among other factors on soil fertility status, that is, low fertility soils

have a high probability of response to nutrient use (Alcantara Neto et al., 2010).
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The results presented in this study are similar to those reported by (Rosolem and
Tavares, 2006) in an experiment conducted in soybean pots; the authors found a significant
difference in yield between treatments with and without phosphorus. (Valad&o Junior et al.,
2008) also working with phosphorus in an experimental area observed positive effect of
phosphorus levels on soybean grain yield.

To analyze the influence of phosphorus levels on yield, the Agronomic Efficiency was
calculated for both experiments, which is the ratio of total biomass to amount of nutrient
absorbed (Fageria, 1998). For the field experiment, the estimated yield of soybean grains
observed in the treatment without the addition of phosphorus was 3094 kg ha® and as
phosphorus was added at the recommended dose by soil analysis, the yield increased to 4858
kg ha® and the agronomic efficiency for this dose was 14.7 kg soybeans per kilogram
phosphorus applied. At the dose 25% above the recommended, the yield was 4298 kg ha™* and
the agronomic efficiency was 8.02 kg soybeans per kilogram phosphorus applied, while for
the dose 50% above the recommended, the yield was 4677 kg ha' and the agronomic
efficiency was 8.79 kg soybeans per kilogram phosphorus applied. For the field experiment,
the phosphorus level recommended by soil analysis showed the highest yield and the best
agronomic efficiency with 14.7 kg soybeans per kilogram phosphorus applied.

For the greenhouse experiment, the soybean yield without the addition of phosphorus
was 1438 kg ha* and with the application of phosphorus at the recommended dose, the yield
increased to 3404 kg ha and presented an agronomic efficiency of 16.38 kg soybeans per
kilogram phosphorus applied. For the dose 25% above the recommended, the yield was 4034
kg hal, and the agronomic efficiency was 17.30 kg soybeans per kilogram phosphorus
applied, while for the dose 50% above the recommended, the yield was 4104 kg ha* and the
agronomic efficiency was only 14.81 kg soybeans per kilogram phosphorus applied.

The results for the greenhouse experiment showed different behaviors than the field
results, because the highest yield found in the greenhouse was observed at the dose 50%, but
the best agronomic efficiency was observed at the dose 25%, with production of 17.30 kg
soybeans per kilogram phosphorus applied. A higher level of the nutrient increased yield,
however nutrient decreased its efficiency. Because of this, agronomic efficiency can also be
called economic efficiency (Fageria, 1998)]. What should be observed is the level that
provides the maximum economic return for the fertilizer applied, thus providing higher yield
with lower production costs.

Similar results were found by (Fageria et al., 2014), who worked with rice cultivation

and found that phosphorus efficiency influenced grain yield and (Dobermann et al., 2000),
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working with rice cultivation, verified that the agronomic efficiency of nitrogen was 20 kg
grains per kilogram nitrogen applied. Likewise, (Fageria et al., 2007) reported that agronomic
efficiency of nitrogen was 19 kg rice grains per kilogram nitrogen applied.

Studying the efficiency of phosphorus is important to indicate to the producer which is
the best management. This is because soybean is a crop dependent on phosphorus, which is an
element of photosynthesis and the agronomic efficiency of this nutrient provides a solid basis
for improving soybean crop yield (AO et al., 2014).

5. Conclusions

Phosphorus fertilization increases soybean grain yield.

The dose of 50% higher than the recommended at 70% base saturation obtained higher
yield component gains and consequently higher yield in soybean crop.

The agronomic efficiency of phosphorus in the Brazilian Cerrado soils is 14.59 kg in
50% base saturation soils and 12.87 kg soybeans per kilogram phosphorus applied at 70%
base saturation.

Knowing that the cerrado has different types of soils with very varied saturates, it is
necessary to continue research including not only the application of phosphors but also of
other nutrients to see their interaction with the different base saturations
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