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Phosphate fertilizer improves plant nutrition and
soybean yield in the Amazon agricultural frontier

Fertilizante fosfatado melhora a nutricao da planta e
o rendimento da soja na fronteira agricola amazonica

ABSTRACT: The utilization of phosphate fertilizers for soybean growing on amazon soils is a
challenge. Some soils are very clayed, which means they can easily fix phosphorus (P) from
fertilizers. However, soybeans are very responsible to P since this nutrient has a direct relationship
with nitrogen biological fixation and grain production. To understand the effect of P on plant
nutrition and development, an experiment with soybeans was carried out in field conditions to
evaluate the nutrient concentration in diagnostic leaves, P availability in soil, and grain yield of
soybeans cultivated in a very clayey Oxisol. The objective was to evaluate the effect of phosphate
fertilizer on the availability of P in the soil, as well as the concentration of N, P, and S in the
diagnostic leaves, suggesting a proper rate of P,O; for the first soybean crop in an area of abandoned
pasture in the eastern Amazon. The phosphate fertilization increased the availability of soil P and the
concentrations of P, N, and S in the diagnostic leaves. The concentrations of P and S in the leaves
were highly correlated with N concentration. The rates of P increased the grain yield, dry mass of
one thousand grains, number of pods per plant, and plant height, attributes that were highly
correlated with the concentration of P, S, and N in the leaves. We recommend the rate of P,O; at 120
kg ha ! for the first soybean cultivation in an abandoned pasture located in eastern Amazon.

RESUMO: 4 utilizagdo de fertilizantes fosfatados para o cultivo da soja em solos amazénicos é um
desafio. Alguns solos sdo muito argilosos, o que significa que podem facilmente fixar o fosforo (P)
dos fertilizantes. No entanto, a soja é muito sensivel ao P, uma vez que este nutriente tem rela¢do
direta com a fixagdo biolégica de nitrogénio e a produgdo de grdaos. Para compreender o efeito do P
na nutrigdo e desenvolvimento das plantas, foi realizado um experimento com soja em condi¢ées de
campo no intuito de avaliar a concentrag¢do de nutrientes nas folhas diagnasticas, a disponibilidade
de P no solo e a produtividade de graos da soja cultivada em um Latossolo Amarelo muito argiloso.
O objetivo foi avaliar o efeito da adubagdo fosfatada sobre a disponibilidade de P no solo, bem
como a concentra¢do de N, P e S nas folhas diagnésticas, sugerindo uma dose adequada de P,O;
para o primeiro cultivo de soja em uma drea de pasto abandonado na Amazénia oriental. A
adubacdo fosfatada aumentou a disponibilidade de P no solo e as concentragées de P, N e S nas
folhas diagnosticas. As concentragées de P e S nas folhas foram altamente correlacionadas com a
concentragdo de N. As doses de P aumentaram a produtividade de grdos, a massa seca de mil grdos,
o numero de vagens por planta e a altura da planta, atributos altamente correlacionados com a
concentragdo de P, S e N nas folhas. Recomenda-se a dose 120 kg ha ! de P,O; para o primeiro
cultivo de soja realizado em drea de pasto abandonado na Amazénia oriental.
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1 Introduction

The global production of soybean (Glycine max L.
Merr.) in 2019 was 334 million tons and Brazil was the
first largest producer with 114 million tons (Fao, 2019).
Soybean production has been increased in recent years
and the success of its cultivation is in part attributed to
an expansion of croplands, especially in north Brazil.
From the year 2000 to 2019, the soybean croplands have
been increased more than 1000%, from 0.4 million ha to
4.6 million ha (Song et al., 2021). However, the grain
production in that area is controversial due to its
association with deforestation. Thus, the use of degraded
areas such as abandoned pastures for soybean production
has become important (Nepstad et al., 2014).

Tropical soils are generally in high stages of
weathering with high acidity and low availability of
nutrients (Novais et al., 2007). Phosphorus (P) deserves
special attention in those soils because this nutrient can
be fixed on clay surface or into structures of Fe and Al
oxides, affecting P availability to plants (Schoninger et
al., 2013). Therefore, tropical soils have low availability
of native P, which means crops such as soybeans need to
be fertilized with P to ensure proper grain yield (Riskin
etal.,2013).

The availability of P and its uptake by soybean
depends on soil type, soil texture, and P fertilization. In
the Eastern Brazilian Amazon, the main soil verified is
Oxisol, occurring major in clayey or very clayey textures
(Idesp, 2014). In this context, the knowledge about the
effect of phosphate fertilizer on nutritional status and
plant development can help farmers to understand how to
better manage nutrients for soybeans (Novais & Smyth,
1999; Riskin et al., 2013). Thus, it is important to

understand how P applied affects P availability,
nutritional status, and soybean development (Veloso et
al., 2009).

According to Novais et al. (2007), simple
superphosphate is a potential source of P because it
contains 18 and 11 % of P,O; and sulfur (S), respectively.
This fertilizer is important because there is a direct
correlation between the concentration of P and S in
diagnostic leaves for improving grain yield of soybean
due to their importance on root development, protein
synthesis, and biological N fixation (Raij, 1991; Fageria
et al., 2011; Chiasson et al., 2014).

The objective was to evaluate the effect of phosphate
fertilizer on the availability of P in the soil, as well as the
concentration of N, P, and S in the diagnostic leaves,
suggesting a proper rate of P,O, when the first cultivation
of soybean is carrying out in an abandoned area.

2 Material and methods

The experiment was carried out in Dom Eliseu town,
state of Para (eastern Amazon), Brazil, from February 2"
to May 17%, 2014 (Figure 1). The area was an abandoned
pasture for more than 10 years. The soil was classified as
very clayey Oxisol (Soil Survey Staff, 1999). Among the
soil chemical analysis, the low availability of extractable
P (Table 1) is highlighted.

The weather is classified as Aw4 type according to
Koppen (Idesp, 2014), which means there is a defined dry
period with an average annual temperature at 25 °C, and
average annual precipitation at 2000 mm. The
accumulation of rainfall in the area during 105 days of the
experiment was 1207 mm (Figure 2).
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Figure 1. Location map of the experimental area in Dom Eliseu-PA. Source/elaboration: The authors, 2021.
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Figura 1. Mapa de localiza¢ao da area experimental em Dom Eliseu-PA. Fonte/elaboragdo: Os autores, 2021.

Table 1. Chemical and physical characterization of a very clayey Oxisol, before the treatments application.
Tabela 1. Caracterizagdo quimica e fisica de um Latossolo muito argiloso, antes da aplica¢do dos tratamentos.

Depth pH P S K Ca Mg Al CEC V m OM Sand Silt Clay
—m— M0 CaClb -mgdm- —cmol. dm?— —%— — gkg!
00-02 65 60 35 81 9 77 07 000 107 812 0,0 35 199 106 695

*pH: Hydrogen potential; CEC: Cation exchange capacity; V%: Base saturation; m%: Aluminum saturation; OM: Organic matter.

*pH: Potencial hidrogenidnico; CEC: Capacidade de troca catidnica; V%: Saturacdo por bases; m%: Saturacdo por Aluminio; OM: Matéria orgéanica.
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Figure 2. Distribution of rainfall precipitation (mm) on the field during the experimental with soybean from February to May 2014 in Julian days (JD) in Dom Eliseu,

State of Para, eastern Amazon, Brazil.

Figura 2. Distribui¢do da precipitagdo pluviométrica (mm) no campo durante o experimento com soja entre fevereiro e maio de 2014 em dias julianos (JD) em Dom

Eliseu, Estado do Para, Amazdnia oriental, Brasil.

A randomized complete block design with four
replications was used. The treatments were six rates of
P,O; (48, 66, 84, 120, 156, and 192 kg ha!). The first-
rate of P,O, at 48 kg ha! was supplied exclusively by
applying mono ammonium phosphate at 100 kg ha™!. The
other rates of P,O, were supplied as a fixed rate of mono
ammonium phosphate at 100 kg plus applications of
simple superphosphate at 100, 200, 400, 600, and 800 kg
ha !, according to the rates of P,O.. For the availability
of P found in the soil, the recommendation of P,O;
would be around 100 kg ha™!, which is recommended for
clayey soils in the Brazilian Amazon, state of Para, and
guided the rates of P,O; applied in the experiment (Brasil
et al., 2020).

The phosphate fertilizers were mixed according to the
treatments and applied in each experimental plot along
the seeding furrows. Soil analyses performed before
cultivation (Table 1) showed that no liming and K
correction was needed, as the V % and K availability
were proper for soybean cultivation (Brasil ef al., 2020).
The area was treated with glyphosate for weeding before
sowing. Soybean strain MSOY 9144 RR was treated with
the fungicide Maxim (fludioxonil + metalaxyl-M),
insecticide, and nematicide Avicta 500 FS (abamectin),
and inoculant Bradirizobium Japonicum. Afterward, the
soybeans were sown manually with a spacing of 0.5 m.

Each plot measured 25 m? with a useful area of 6 m?
in the middle of the plots for collecting plant and soil
samples. The control of weeds, pests, and diseases was
done by using mechanized spraying. Weeds were
controlled by using Zapp QI (Glyphosate Potassium),
and insects and mites were controlled by using Match CE
(Lufenuron), Engeo Pleno (Tiametoxan and Lambda-
cyhalothrin), and Polo 500 SC (Diafentiurom). For the
control of fungi, Elatus (Azoxystrobin  and
Benzovindiflupir) and Flexi Score (Propiconazole and
difenoconazole) was applied. The density of sowing was
equivalent to 240,000 plants per ha .

The soil sampling was performed at the R2 stage (JD
81) according to Novais et al. (2007). The soil samples
were disaggregated, homogenized, and air-dried for 72 h.
The concentration of P was determined by using the ion
exchange resin method since Mehlich-3 extractant can
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overestimate the P availability in very clayey soils (Raij
et al., 1986). The concentrations of P, S, and N were
performed according to Malavolta (2006), collecting 20
the 3" and 4™ newly expanded leaves at the R2 stage (JD
81). The plant samples were dried at 65 °C for 72 h in an
oven with forced air circulation. The concentration of
total nitrogen (N) in the diagnostic leaves was determined
according to the Kjeldahl method. The concentrations of
P and S in the plant samples were determined from nitric-
perchloric digestion, quantifying the P concentration by
spectrophotometry and S by turbidimetry (Sarruge &
Haag, 1974).

Soybean plants were harvested at the R9 stage (JD
137). The average of plant height (H), number of pods per
plant (NPP), and number of grains per pod (NGP) for
each treatment’s plot were evaluated. To estimate the
grain yield (GY) and mass of one thousand grains
(MTG), the humidity was corrected to 13 % (Brasil,
2009).

The analysis of variance (ANOVA) at 5% was carried
out. When the ANOVA was significant, polynomial
regression and correlation analyses were performed. The
equation adjustment was adopted based on the
significance of the polynomial models. When the
adjustment was quadratic, the optimum rate was
calculated by the nullity of the derivative. However, when
the adjustment was linear, the evaluation was carried out
at the extreme points. The ANOVA was carried out by
using "R" software (R Core Team, 2017).

3 Results and Discussion

The availability of P in the soil increased with the
applications of fertilizers, reaching up to 47 mg dm3,
higher than the plant needs (Figure 3). This increasing
was due to the high solubility of the fertilizers, showing
that the P can be potentially available to the plants even
in soils with a high amount of clay. The availability of P
in the clayey soil increased linearly (Figure 3), which
suggests the soil may have a capacity of receiving a high
amount of that nutrient. However, due to the structural
properties of that soil, a high amount of clay can also
attach or fix large amounts of P (Bedin et al, 2003),
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which means a proper amount of P fertilizers must be
applied to plants aiming decrease the losses through the
soil fixation.
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Figure 3. Availability of P in a very clayey Oxisol cultivated with soybean as

a function of phosphate fertilization in the eastern Amazon. Error bars show

standard deviation. Coefficient of variation (%) = 13.8.

Figura 3. Disponibilidade de P em Latossolo muito argiloso cultivado com

soja em func¢do da adubagdo fosfatada na Amazonia oriental. Barras de erros

mostram o desvio padrdo. Coeficiente de variagdo (%) = 13,8.

According to the recommendation proposed by Brasil
et al. (2020) regarding soils from the state of Para, the
phosphate fertilizers applied to the soil increased the
availability of P from a low availability (3.5 mg kg') to a
very high availability (47 mg kg'). The same authors
consider that the proper availability of P for soybean
cultivation in clayey soils is above 11 mg kg~'. The value
reached with the highest P,O; rate in the present study
was higher than the availability found in the soil from
Cerrado in Sao Paulo (Raij et al., 1997). For soils found
in Sdo Paulo, the availability of P up to 16 mg dm
indicates that the fertilization of at least 80 kg ha™' of
P,O; is required to obtain productivity around 3 t ha™!
(Embrapa, 2013). Bedin et al, (2003) verified that the
supply of P by using triple superphosphate increased the
availability of P to 117 mg dm™ in a clayey Oxisol.

The concentration of P in the diagnostic leaves
showed a quadratic model as a function of the phosphate
fertilization, reaching up to 3.2 g kg' with P,O; at
166 kg ha™' (Figure 4a). This result suggests that the P
uptake was sufficiency for soybeans production since the
range varies from 2.3 to 3.4 g kg'' in the leaves with
petiole (Embrapa, 2013). This result shows that the
phosphate fertilizer was correctly applied in the soil and
proper utilized by the plants. Phosphorus in plants acts as
a structural element, participating in the constitution of
nucleic acids and phospholipids. In addition to it,
phosphorus is indispensable for energy metabolism,
acting on energy transfer reactions and regulation of
metabolic pathways (Marschner, 1995).

For the concentration of S in the leaves, values
between 2.0 and 3.0 g kg~' are considered sufficient for
proper soybean growth (Embrapa, 2013). In the present
study, the concentration of S in the diagnostic leaves
reached up to 2.0 g kg™' with the application of P,O; at
146 kg ha™! (Figure 4b). This indicated that the soybean
plants were properly supplied with S that came from the
simple superphosphate applied to the plants. The journal
of soybean production in central Brazil suggests an
application of S at 60 kg ha™' for clayey soils when the

availability of this nutrient is low, aiming to reach a
satisfactory yield of 3 t ha'! (Embrapa, 2013), agreeing
with our results.
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Figure 4. Concentrations of P (a), S (b), and N (c) in the diagnostic leaves of
soybeans as a function of phosphate fertilization in a very clayey Oxisol in the
eastern Amazon. Error bars show standard deviation. Coefficient of variation
(%) =7.4 (a), 14.9 (b), and 6.9 (c).

Figura 4. Concentragéo de P (a), S (b) e N (c) nas folhas diagnésticas de soja
em fungdo da adubacdo fosfatada em um Latossolo muito argiloso na
Amazonia oriental. Barras de erros mostram o desvio padrdo. Coeficiente de
variacdo (%) = 7,4 (a), 14,9 (b) ¢ 6,9 (c).

Rheinheimer et al. (2005) reported that the application
of S up to 20 kg ha' shows no response for soybean
cultivated an Ultisol. However, the S rate studied by
Rheinheimer et al. (2005) was approximately 1/3 of the
optimal rate verified in the present study, suggesting that
the application of the phosphate fertilizers have major
effects when high rates of S are applied. The highest
concentration of N at 38.7 g kg™! found in the diagnostic
leaves (Figure 4c), as a function of P,O; at 133 kg ha™', is
considered proper for soybean since the optimum range of
N in the leaves varies from 36.8 to 46.9 g kg~' (Embrapa,
2013). The application of phosphate fertilizers increased
the concentrations of N in the diagnostic leaves (Figure
4c). Previous research showed that phosphate fertilization
can influence the nodulation of soybean roots, leading to
increase N fixation and consequently soybean yield
(Salvagiotti et al., 2013). It happens because P plays a key
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role in energy transferring and the N fixation process
requires a large amount of chemical energy, which is
supplied in the form of ATP formed from inorganic
phosphorus from soil (Salvagiotti ef al., 2013).

a) 7074
Z 6l {
A
5 5214
P o e £
= 43 A
: P -
= 34 = 34.70 + 0.28""x - 0.0012x?
B R*=0.16
25 r T T T T ¢
48 T2 9% 120 144 168 192
b)
=
=
&
HC
4.
= =
-
2 = s | §=08.53 +0.34"x - 0.0011x2
= - R=0.67
< 100 r : : - : .
48 7@ 9% 120 144 168 192
c) 60 -
T
B i |
= = 45 1
SR 40
23 35
E& oo
A ¥ =884 +0.55"x - 0.0019%}
25 1 R?:DIw
20 . . - . - .
43 72 9 120 144 168 192
d) 4.0 q
3.5 A
Z 30
2525
ET
I 2.0 1
15 4 ¥ = 140.4 +44.21"x - 0.145%°
- R:=007
1.0 T T T T T ]
48 7] 9% 120 144 168 192

P20s rates (kg ha™l)

Figure 6. Plant height (a), mass of one thousand grains (b), number of pods per
plant (c), and grain yield (d) of soybean as a function of phosphate fertilization
in a very clayey Oxisol in the eastern Amazon. Error bars show standard
deviation. Coefficient of variation (%) = 6.4 (a), 6.9 (b), 10.2 (c), and 6.9 (d).
Figura 6. Altura da planta (a), massa de mil grios (b), nimero de podas por
planta (c), e rendimento de graos (d) da soja e fun¢do da adubagao fosfatada em
Latossolo muito argiloso na Amazonia oriental. Barras de erro mostram o
desvio padrio. Coeficiente de variagdo (%) = 6,4 (a), 6,9 (b), 10,2 (c) e 6,9 (d).

The increase in the N concentration in the diagnostic
leaves caused by phosphate fertilizers is attributed directly
to the supply of P and S from fertilizers since N was not
applied to the crop. This can be confirmed by the highly
positive correlation found between both N with P
concentration in diagnostic leaves (Figure 5a) and N with
S concentration in the diagnostic leaves (Figure 5b). The
application of P and S in a proper amount by using
phosphate fertilizers favored the biological nitrogen
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fixation since P and S are essential for this process
(Salvagiotti et al., 2013; Chiasson et al., 2014). Nitrogen
fixation is highly dependent on chemical energy in the
form of ATP and enzymatic complexes that transfer
electrons (Chiasson et al., 2014).

The phosphate fertilization influenced H, NPP, and
MTG. However, the NGP was not significant for the
treatments. The optimal values of H (52 cm), MTG (124
g), and NGP (49) were reached with the P,O; rates at 120,
154, and 146 kg ha'!, respectively (Figure 6). The
comparisons between the production attributes and the
concentrations of P, S, and N in the diagnostic leaves
suggest that the proper concentration of these elements are
responsible for improving the H, MTG, NGP, and GY.
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Figure 7. Pearson correlation between the concentration of nutrients in the
diagnostic leaves and grain yield. The figure (a) shows P x grain yield, figure
(b) shows S x grain yield, and figure (c) shows N X grain yield of soybean with
phosphate fertilization in a very clayey Oxisol in the eastern Amazon.

Figura 7. Correlag@o de Pearson entre a concentragdo de nutrientes nas folhas
diagnoésticas e rendimento de grdos. A figura (a) mostra a relagdo P x
rendimento de graos, a figura (b) mostra a relagdo S x rendimento de grios, e a
figura (c) mostra a relagdo N x rendimento de grdos da soja com adubagio
fosfatada em Latossolo muito argiloso na Amazonia oriental.

The GY was increased as the phosphate fertilization
increased, showing values of 3.22 t ha'! with the P,O; at
152 kg ha' (Figure 6d), improving 95 % the grain
production based on the initial P,O; rate at 48 kg P,O,
ha!. This result demonstrates that the application of
phosphate fertilizers was highly beneficial for the soybean
yield. The proper nutrition of P, S, and then N influenced
the production with flowers, pods, and then grain filling,
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which are the main productive attributes of soybean
productivity (Akter et al., 2013). Veloso et al. (2009)
found that the application of P,O; up to 240 kg ha™! in the
form of simple superphosphate increased the H, MTG,
and GY of soybean in a neighboring region with a
predominance of very clayey Oxisol. However, the same
authors recommended that the rate of P,O, should not
exceed 80 kg ha! due to the low responses above this
rate, an effect that was not observed in the present study.
Such differences may be related to the genetic material
and soil nutrients background since the weather condition
and type of soil, as well as the fertilizer adopted, were
similar in both studies.

Neto et al. (2010) reported that soybean cultivated in
an Oxisol in the State of Piaui, Brazil, showed the highest
values of H (57 cm) and GY (2.61 t ha™!) with a P,O, rate
at 95 kg ha'l, applied in the form of triple
superphosphate. The values of GY found by those authors
were lower than those found in the present study,
possibly due to the medium texture of the soil with a
lower phosphorus buffer power than the clayey soils, as
well as the weather conditions with lower rainfall
precipitation. Fageria et al. (2011) reported that the P,O;
at 120 kg ha! in the form of simple superphosphate
promoted a GY of 3.66 t ha™! in a clayey Oxisol in the
state of Tocantins, Brazil, agreeing with the present
study.

The correlations between the concentration of P, S,
and N in the diagnostic leaves with GY (Figure 7)
confirm the importance of phosphate sources and
nutrients for soybean yield. The supply of P and S are
very important for grain formation and plant development
due to their importance to biological nitrogen fixation,
root development, photosynthesis, and enzymatic
reactions, which were responsible for the satisfactory
productivity of soybeans in the Amazon region
(Salvagiotti et al., 2013).

The rate of P,0O, responsible for 95 % of the
maximum production was 120 kg ha™!, corresponding to
3.07 t ha™! of soybean grains. The availability of P in the
soil that allowed 95 % of the maximum GY was 30.7 mg
dm (Figure 8). The availability of P in the soil as a
function of the phosphate fertilization found in the
present study was similar to that recommended in the
journal for soybean production in central Brazil
(Embrapa, 2013), around 40 mg dm3. Although the
suggested rate of P,0O, for soybeans growing in clayed
soils with low P availability is 90 kg ha™!, our results
show that would be better to increase more 30 kg hal.
The soybeans need more P to express the maximum
productive potential in the eastern Amazon since the soils
are very clayey with low P availability. This reinforces
the need for in situ studies to determine the proper
amount of P.
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Figure 8. Critical levels of phosphorus in the soil cultivated with soybean as a
function of phosphate fertilization in a very clayey Oxisol in the eastern
Amazon.

Figura 8. Niveis criticos de fosforo no solo cultivado com soja em fungdo da
adubagdo fosfatada em Latossolo muito argiloso na Amazonia oriental.

4 Conclusion

The availability of P in the soil and the concentrations
of P, S, and N in the diagnostic leaves affect the
productive attributes and grain yield of soybean. In a
situation of abandoned pasture with low P availability, the
phosphate fertilizers must be applied for improving
soybean production, specially those that contain S. We
recommend the rate of P,O, at 120 kg ha ! when the first
cultivation of soybean is carrying out. More studies should
be conducted to verify the long-term effect of phosphate
fertilizers to understand the importance of P in the
subsequent cultivation of soybeans in the Amazon region.
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