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Abstract
Phosphorus (P) deficiency limits agricultural production in tropical and subtropical soils, where soil mineralogy is dominated by
kaolinite, iron, and aluminum oxides. The aim of this work was to compare two application methods of P, to the soil surface and
to the sowing line, to determine the most effective strategy to increase wheat and soybean yields on an oxidic subtropical soil in
Brazil under field conditions. Additionally, four inorganic P fertilizers (monoammonium phosphate (MAP); single superphos-
phate (SS); triple superphosphate (TP); and natural rock phosphate (NP)) in a wheat crop and four different P rates (zero, 0; low,
45; medium, 90; and high, 180 kg ha−1 of P2O5) of TP in a soybean crop were tested after being applied to the soil surface and to
the sowing line. A significant increase in yield (54%) was only found when TP was applied to the sowing line in comparison with
the soil surface in wheat plants, probably due to its high solubility. However, the application method did not produce a significant
effect in soybean yields, probably because this crop has a different P requirement and root distribution pattern than wheat. In the
case of P fertilizers applied to the soil surface, higher wheat yields were observed with NP and MAP in comparison with TP.
Finally, a linear increase was observed in soybean yields while increasing the P rate, finding significant differences between the
plants fertilized with the highest P rate and the non-P-fertilized plants (24% yield increase in the first case). Our results highlight
the need for specific P fertilization strategies for the different crops grown on subtropical regions where soil mineralogy curbs P
availability.
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1 Introduction

Tropical and subtropical soils mainly are acid soils whose
mineralogy is dominated by the presence of clay minerals like
kaolinite and iron and aluminum oxides/hydroxides (Kämpf
et al. 2012). These factors contribute to the limited availability
of certain essential nutrients for plants, for example,

phosphorus (P) that is strongly adsorbed onto the soil mineral
surfaces (Johnson and Loeppert 2006; Santos et al. 2008; Fink
et al. 2016a). As a result, P deficiency limits plant growth and
agricultural production in these areas (Novais et al. 2007;
George et al. 2018).

Phosphorus fertilization in soils with a limited P availabil-
ity is fundamental to enhance plant yield. However, it requires
a deep understanding of soil reactions after P addition. Most of
the total P added (up to 90%) is quickly adsorbed onto mineral
surfaces (fast adsorption, 1 h), and slowly later (Barrow 1983).
Williams and Reith (1971) found that only a small fraction of
the P applied to the soil remained available 1 year after its
application (8–20%) and it was reduced to a lower amount
(2.7%) 6 years later. Furthermore, this situation is aggravated
in soils with oxidic mineralogy. Fink et al. (2016b) assessed P
desorption in subtropical soils incubated for 30 days and ob-
served that soils with a high goethite content desorbed 30%
less P than soils with the same Fe oxide contents but with the
predominance of hematite.
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Phosphorus use efficiency depends on several factors,
among others, soil management, the type of fertilizer (source
of P, solubility, composition, and richness in P), and the ap-
plication method (Resende et al. 2006; Motomiya et al. 2004;
Zhang et al. 2019). Both factors affect soil P availability and,
as a result, crop yield (Montoniya et al. 2004; Silva et al. 2009;
Sá et al. 2013; Vieira et al. 2013, 2015; Valadão et al. 2017).
The application of P fertilizers to the soil surface is the most
common practice, which has a reduced economic cost in com-
parison with other methods (Olibone and Rosolem 2010) but
it is not always the best alternative for plant nutrition and the
environment. An inadequate P management is associated with
low P diffusion and high adsorption of P on the soil particles,
increasing the P concentration in the first centimeters of soil.
Consequently, it intensifies the risk of potential P losses and
contamination of water bodies (Shigaki et al. 2007; Fischer
et al. 2018) and reduces P use efficiency.

In Brazil, soybean and wheat are an important source of
incomes for farmers (Oliveira Neto and Santos 2017; Conab
2016) but their yields and grain quality are often limited as
they are grown on soils with a reduced P availability (Novais
et al. 2007; Pontigo et al. 2018). Furthermore, the world phos-
phate rock reserves could only provide P for the following 60–
90 years (Cordell et al. 2009; Vaccari 2009). Therefore, P
fertilization strategies in tropical and subtropical regions
should be optimized to enhance the amount of P that is avail-
able for the crop.

The aim of this study was to compare two application
methods of P, to the soil surface and to the sowing line, to
determine the most effective strategy to increase plant yields
(wheat and soybean) on an oxidic subtropical soil in Brazil. In
line with the main aim, we evaluated four inorganic P fertil-
izers wi th di ffe rent so lubi l i ty and composi t ion
(monoammonium phosphate, single superphosphate, triple
superphosphate, and natural phosphate) in a wheat crop, and
four different P rates of triple superphosphate (no P fertiliza-
tion, low, medium, and high) in a soybean crop. Our hypoth-
eses are that the application of P to the sowing line will in-
crease plant yields in comparison with the application to the
soil surface because the P granules will be nearer to the plant
roots, and that the effect of the four P fertilizers on wheat
yields will depend on their solubility and composition, while
only the highest P doses applied to the soybean crop will
increase its yield in comparison with the non P fertilization
as most of the P applied will be adsorbed onto the soil surfaces
and only a small portion will be available for plants.

2 Materials and Methods

Two field experiments were developed in Palmas, Brazil (26°
30′ 43.7″ S 51° 59′ 0.8″W) in 2016–2017, under Cfb climate
(Köppen’s classification), with low temperatures in winter and

fair summer (mean annual 22.6 °C), and mean annual precip-
itation of 2142 mm (IAPAR 2016). During our experiments,
although the cumulative precipitation was 1389 mm (Fig. 1),
there was a dry period (10 mm) from July 17 (2016) to August
6 (2016). The soil of this experimental area is classified as an
Oxisol (Soil Survey Staff 2010). A composite sample from the
area used for the field experiments was collected, air-dried for
1 week, and sieved to 2 mm for analysis (in duplicate). The
soil used in the two experiments had the following chemical
properties (Table 1): organic matter, 40.2 g kg−1 (by wet oxi-
dation); pHH2O, 5.4 (soil:water ratio 1:1); Ca, Mg (exchange-
able with KCl), and K (extracted by Mehlich I solution), 4.4,
2.5, and 0.3 cmolc kg

−1, respectively; aluminum and base
saturation, 0% and 61%, respectively; and had a medium level
of P availability (6.0 mg kg−1; by Mehlich I solution), accord-
ing to CQFS - RS/SC (2004). The soil has 628, 347, and
25 g kg−1 of clay, silt, and sand, respectively. Regarding Fe
oxides, the soil had 77.9 g kg−1 of Fe extracted with the
citrate-bicarbonate-dithionite method (Mehra and Jackson
1960) and 7.3 g kg−1 of poorly crystalline Fe oxides, extracted
with ammonium oxalate in the dark (Schwertmann 1964). In
addition, the X-ray diffractometer shows a predominance of
kaolinite and goethite, and presence of hematite and gibbsite
(Fig. S1).

2.1 First Field Experiment: Wheat Crop

Wheat (Triticum aestivum cv. Gralha Azul) was sown at 4-cm
depth in July 2016 (row spacing of 0.17 m) and harvested in
November 2016. The fertilization consisted of 75 kg P2O5

ha−1 (different P fertilizers were used, according to CQFS -
RS/SC (2004), 30 kg ha−1 for soil P correction and 45 kg ha−1

for wheat maintenance), 60 kg K2O ha−1 as KCl and
60 kg N ha−1 as urea (33% applied at sowing and 66% at
the tillering stage) following regional recommendations
(CQFS - RS/SC 2004) for an expected yield of 3 Mg ha−1.
The P fertilizers were applied using two different application
methods, to the soil surface and to the sowing line (allocated at

Fig. 1 Climate conditions (temperature and precipitation) in the months
that wheat and soybean experiments were conducted
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5-cm soil depth and 5 cm at both sides of the seeds), and five
different P fertilizers (themost commonly used in Brazil) were
compared: no P (control treatment), monoammonium phos-
phate (MAP; 48% P2O5 soluble in neutral ammonium citrate),
single superphosphate (SS; 18% P2O5 soluble in neutral am-
monium citrate), triple superphosphate (TP; 41% P2O5 soluble
in neutral ammonium citrate), and natural phosphate of rock
melted at 1500 °C (NP; 14% P2O5 soluble in citric acid 2%).
The N applied with MAP (9% of the total) was subtracted
from the N applied with urea in the first application.

The experimental design was a randomized block design
with four replications per combination of application method
and P fertilizer (2 fertilizer application methods, 5 different P
fertilizers, and 4 replications; 40 plots of 1.2 × 1.2 m—
1.44 m2 each).

The following measurements were done at different plant
growth stages: plant density was determined 1 week after total
germination; tiller number per plant was determined after total
tillering; the number of wheat ears was assessed after the an-
thesis stage; the number of spikelet per ear and grain per ear
and thousand grain weight (TGW) were determined after
physiologic maturation.

2.2 Second Field Experiment: Soybean Crop

The soybean (Glycine max cv. TMG 7062) of the second field
experiment was sown in November 2016 (row spacing of
0.45 m) at 4-cm soil depth in the adjacent area of the wheat
experiment but at a distance of 10 m to avoid the effect of
phosphate fertilization applied to the former crop. This crop
was harvested in April 2017. The recommended fertilization
(CQFS - RS/SC 2004) was 90 kg ha−1 of P2O5 applied in the
form of triple superphosphate (TP) and 80 kg K2O ha−1 as
KCl for an expected yield of 4 Mg ha−1 following recommen-
dations for this province and crop (CQFS - RS/SC 2004). The
P fertilizers were applied to the soil surface or to the sowing
line (allocated at 5-cm soil depth and 5 cm at both sides of the
seeds) at different P2O5 rates: no P, low, medium, and high P
rates (0, 45, 90, and 180 kg ha−1 of P2O5 representing 0, 50,
100, and 200% of the recommended rate). The experimental
design was a randomized block design with four replications
per combination of application method and P rate (4 P rates, 2
application methods, and 4 replications; 32 plots of 2 × 2 m—
4 m2 each).

After physiologic maturation (April 2017), plant height,
height of the first legume, number of legumes, TGW, and crop
yield were measured.

2.3 Statistical Analysis

The data were subjected to factorial analysis of variance
(ANOVA) for each field experiment. When an interaction be-
tween the 2 factors occurred, application method, and the five
P fertilizers used in the first experiment or the four P rates used
in the second one, one-way ANOVAswere developed to study
(1) the effect of the applicationmethod for each P fertilizer and
(2) the effect of each P fertilizer for each application method,
independently. These analyses took into account the block
design. Means were compared with Tukey’s HSD post hoc
test. All analyses were done by using Statistix 10 software
fromAnalytical Software (Tallahassee, FL, USA). We consid-
ered significant differences when p < 0.10 due to the high
variability obtained under field conditions and to minimize
the arbitrariness of rejecting or accepting a null hypothesis
when p is near 0.05 (Zar 2010).

3 Results

3.1 Wheat Experiment: Application Method and P
Fertilizers

Table 2 shows plant density (mean value of the experiment,
125.9 ± 2.0) and number of tillers per plant (13.8 ± 0.2), ears
per plant (11.2 ± 0.2), spikelets (16.1 ± 0.1), and grains per ear
(29.6 ± 0.1) as a function of the application method and the P
fertilizer. They were not affected by the two studied factors
except the number of ears per plant. Unexpectedly, this vari-
able was significantly higher in wheat plants grown under no
P fertilization (13.1) than that in plants which received P as SS
and TP (9.7 and 10.3, respectively; Table 2) but it was not
significantly reduced for plants fertilized with MAP and NP
(11.4 and 11.5, respectively).

In this experiment, a significant interaction between the
application method and the P fertilizer occurred for TGW
(p = 0.0518; Fig. 2a) and yield (p = 0.0151; Fig. 2b). The ef-
fect of the application of P to the sowing line was limited to an
increase in TGWand yield (35.5 ± 0.7 g; 5670 ± 601 kg ha−1,

Table 1 Chemical characterization of the soil used for wheat and soybean crops

pHH2O Ca Mg Al H +Al K CEC P Al saturation Base saturation Organic matter
cmolc kg

−1 mg kg−1 % g kg−1

5.4 4.4 2.5 0.0 4.6 0.3 11.8 6.0 0 61 40.2

pHH2O determined in soil:water ratio 1:1; Ca, Mg, and Al exchangeable with KCl 1 mol L−1 ; K and P extracted byMehlich I solution; H + Al estimated
by SMP solution; organic matter determined by wet oxidation; according to CQFS - RS/SC (2004)
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respectively) in comparison with the application to the soil
surface (30.1 ± 1.0 g; 3682 ± 585 kg ha−1, respectively) when
TP was used (Fig. 2a, b). The different P fertilizers did not
influence TGWor yield when they were applied to the sowing
line but they had a variable effect on TGWafter their applica-
tion to the soil surface. Firstly, wheat plants fertilized with SS
had the highest TGW, followed by those fertilized with MAP
or NP and no fertilized with P, and then, by the plants fertilized
with TP (Fig. 2a). Secondly, significantly higher yields were
obtained for plants fertilized with NP and MAP, followed by
SS and those non fertilized with P, and, finally, wheat plants
fertilized with TP.

3.2 Soybean Experiment: Application Method and P
Rates

Plant height (average of 72.7 ± 0.9 cm), height of the first
legume (average of 17.6 ± 0.3 cm), and number of legumes
per plant (average of 65.6 ± 2.9) were not altered by the ap-
plication method or the P rate (Table 3).

Figure 3 shows the interaction that occurred between the
two factors studied in this experiment (applicationmethod and
P rate) for TGW (p = 0.085). Only the highest P rate applied to
the sowing line (200% of the recommended) significantly in-
creased the TWG (g) in comparison with the same amount of
P applied to the soil surface (185.8 ± 5.6 vs 167.3 ± 4.1) and
with the other P rates (185.8 ± 5.6 vs 167.8 ± 4.2, no P; 167.3
± 0.8, low P; and 167.4 ± 4.0, medium P) applied to the sow-
ing line (Fig. 3). In line with these results, soybean yield was
significantly increased by the highest P rate as follows: high P
rate (5378 kg ha−1), medium P rate (5047 kg ha−1), low P rate
(4662 kg ha−1), and no P (4337 kg ha−1; Fig. 4). However,
soybean yield was not affected by the application method (p =

0.556). Although significant differences were only found be-
tween the non-P-fertilized plants and the plants fertilized with
the highest P dose (increase of 24% in yield; p < 0.0794),
soybean yields were fitted to a straight line (R2 = 0.96, p =
0.0197) which means that the addition of P was proportional
to the observed increase in yield for this crop.

4 Discussion

4.1 Plant Growth Variables

The main factors that determine plant germination are light,
temperature, water, and oxygen availability (Nassif et al.
1998). The low plant density observed in the wheat crop
(125.8 plants m−2) in comparison with the expected value
(300 plants m−2; Cunha et al. 2016) is explained because of
the scarce rainfall registered during the first 21 days after
sowing (10 mm from July 17 to August 06). This low plant
density positively affected the number of tillers per plant (total
mean value of 13.8), because the tillering stage was extended
under these circumstances (Sander et al. 2011). In line with
that point, Whaley et al. (2000) observed that the highest in-
terception of solar radiation (up to 90%) occurred with plant
densities between 37 and 82 plants m−2 in comparison with
higher plant densities (around 300 plant m−2), as an effect of
the increase in the number of tillers: low plant density that
resulted in a high number of tillers (Gross et al. 2012). It did
not occur in the soybean crop that was sown later, and rainfall
was considerable to not limit this variable (plant density was
like the expected values—25 plant m−2).

Previous studies about the influence of P on plant density,
number of tillers per plant, spikelets, and grains per ear (wheat

Table 2 Factorial ANOVAs for the number of plants per square meter
and number of tillers, ears, spikelets, and grains per plant (mean ±
standard error, n = 4) as a function of the application method (soil
surface and sowing line) and the five different P fertilizers assessed in

the wheat crop. Different letters indicate significant differences between
the means according to Tukey’s HSD post hoc test. The lack of letters
means no significant differences between the different application
methods or P fertilizers

Factor Plants m−2 Tiller plant−1 Ears plant−1 Spikelets ear−1 Grains ear−1

Application method

Sowing line 119.2 ± 7.8 14.0 ± 0.8 11.6 ± 0.4 16.0 ± 0.1 30.1 ± 1.0

Soil surface 132.5 ± 7.5 13.5 ± 0.7 10.8 ± 0.5 16.1 ± 0.2 29.0 ± 0.7

papplication method 0.2368 0.6817 0.1247 0.7951 0.4166

P fertilizer

Control (no P) 111.8 ± 9.5 15.4 ± 0.4 13.1 ± 0.8 a 15.6 ± 0.3 29.6 ± 1.2

Monoammonium phosphate 116.7 ± 12.4 15.0 ± 1.9 11.4 ± 0.3 ab 16.2 ± 0.1 29.3 ± 1.5

Single superphosphate 125.5 ± 14.1 12.1 ± 1.0 9.7 ± 0.7 b 16.2 ± 0.3 28.6 ± 1.2

Triple superphosphate 130.4 ± 11.1 13.3 ± 0.7 10.3 ± 0.6 b 16.2 ± 0.2 30.7 ± 2.1

Natural phosphate 145.1 ± 12.7 13.0 ± 0.9 11.5 ± 0.3ab 16.2 ± 0.3 29.6 ± 1.0

pfertilizer 0.3715 0.3028 0.0038 0.3166 0.9169

pinteraction 0.5931 0.8975 0.4594 0.2256 0.5988
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crop) or plant height, height of the first legume, and number of
legumes (soybean crop) are contradictories with our results.
Our results do not agree with Fioreze et al. (2012), who found
a direct increase in tiller emission with the increase of phos-
phate fertilization in wheat plants (from 8 to 12 tillers per plant
when P addition was increased from 150 to 600 mg P kg−1).
Furthermore, some authors found a positive response to P
fertilization (Alam and Jahan 2013; Rahman and Wilson

1977; Oliveira et al. 1984), while others did not find a rela-
tionship with the P fertilizer applied (Majeed et al. 2014) re-
garding the spikelet number per ear.

The height of the first legume is determined by the growth
of the first internodes and it is defined in the initial vegetative
plant growth stages. Nevertheless, approximately 60% of P is
absorbed after the flowering stage (Hammond et al. 1951).
Our results showed that the phosphate soil content without
the addition of P (6.0 mg dm−3 extracted by Mehlich I;
CQFS-RS/SC 2004) was enough for a proper initial plant
growth and it could explain the lack of significant differences
in these plant growth parameters.

4.2 Thousand Grain Weight and Yield

The differences in TGW and yield in wheat plants in relation
to the different P fertilizers could be partially explained due to
their different composition and solubility. For example, SS has
around 18% of sulfur (CQFS-RS/SC 2004) and it could be the
reason why a significantly higher TGW was found in the
plants fertilized to the soil surface with this product. Similar
results were described in Tao et al. (2018), who observed that
the application of 45 kg ha−1 of sulfur to a wheat crop in-
creased their TGWand yield up to 34.7% and 30.2%, respec-
tively, in comparison with no sulfur addition. Salvagiotti et al.
(2009) also reported an increase in nitrogen uptake and yields
(up to 30%) in wheat crops fertilized with 30 kg S ha−1.
Furthermore, fertilizing with MAP implies the addition of an
extra amount of nitrogen to the crop, which could have helped
produce the higher yields observed when it was applied to the
soil surface in the wheat crop. In addition, MAP had the
highest solubility of all P fertilizers used in this field
experiment.

Soil mineralogy in strongly weathered soils, including
Oxisols as the one used in our study, is dominated by Fe
oxides which form strong bonds with phosphate limiting P
availability for the crops (Fink et al. 2016a). It is well-
known that P solubility and diffusion in soil is low (Fink
et al. 2016b) compared with other macronutrients such as N
or K. Therefore, P management in these weathered soils is
vital in order to obtain a proper plant growth and non-
limited yields by P. The application of fertilizers to the sowing
line is recommended to enhance higher P concentrations near
to the root expansion zone and to improve P uptake for soy-
bean plants, especially in soils with a low P content (Rosolem
and Merlin 2014). However, a positive effect of fertilizing
with P to the sowing line was only observed for TGW and
yield of the wheat plants fertilized with TP, and for TGW of
the soybean plants fertilized with the highest P rate of TP in
comparison with soil surface fertilized plants. It should be
noted that TP is the second fertilizer with the highest solubility
(after MAP) of those used in the wheat experiment. Galetto
et al. (2014) evaluated P fertilizers with different solubility

Fig. 2 Thousand grain weight (a) and yield (b) (mean ± standard error,
n = 4) of the wheat plants at harvest as a function of the application
method (soil surface and sowing line) and P fertilizers used in this
study. Different uppercase letters indicate differences (p < 0.10) between
fertilizers for each application method and different lowercase letters
indicate differences (p < 0.10) between the application method for the
same fertilizer. The lack of letter indicates no significant differences
between application methods or P fertilizers
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and found that a positive effect of TP occurred immediately
after its application in the first crop, while the effect of water-
insoluble P fertilizers (like the NP used here) improved forage
and maize yields only after 3 years of continuous application.

Additionally, Hoang andMarschner (2019) observed that P
uptake by wheat plants was lower than the total P mobilized
by root exudates in a long-term experiment, indicating that a
considerable amount of P added with fertilizers was not avail-
able for plants. Thus, P fertilizers with high solubility rapidly
increase the P in soil solution and accelerate the P adsorption
in the fast stage but decrease the P potential availability. On
the other hand, P fertilizers with low solubility (as our NP) do
not increase available P in soil solution enough to satisfy plant
requirements. Under these conditions, cereals increase the
phosphatase acid activity in the soil (Redel et al. 2019) and

become more efficient to uptake P, which could explain our
results when NP was applied to the soil surface to the wheat
crop.

In these field experiments, it seems that some P fertilizers
(wheat crop) applied to the soil surface (NP and MAP) and to
the sowing line (only TP) and the different P rates (soybean
crop) of TP (applied to the soil surface and to the sowing line
together), but especially the highest one, were able to saturate
up to a certain point the Fe oxides surfaces of the soil. It
resulted in an increase of the availability of P that was
reflected in plant yields. It could be because the initial P con-
tent of this soil was medium (6.0 mg kg−1, near high, accord-
ing to CQFS - RS/SC (2004)) and the pathways by which P is
adsorbed were limited, reducing P adsorption and making
possible an increase in P availability (Barrow and Debnath
2014; Barrow et al. 2018). In addition, our results agree with
Pauletti et al. (2010), who found that the application method
(soil surface or sowing line) was not important for the yield of
soybean grown on soil with a considerable soil P content.

Table 3 Factorial ANOVAs for
plant height, height of the first
legume, and number of legumes
(mean ± standard error, n = 4) as a
function of the application
method (soil surface and sowing
line) and different P doses
assessed in the soybean crop.
There are no significant
differences between the means
according to Tukey’s HSD post
hoc test

Factor Plant height (cm) Height of the first legume (cm) Legume (number)

Application method

Sowing line 73.8 ± 2.3 17.5 ± 0.6 66.1 ± 6.5

Soil surface 71.6 ± 1.2 17.6 ± 0.5 65.0 ± 5.4

papplication method 0.2163 0.8805 0.8560

P rate

No P (0 kg ha−1) 69.2 ± 2.5 17.8 ± 0.7 60.4 ± 4.3

Low P (45 kg ha−1) 73.3 ± 1.5 17.4 ± 0.6 61.4 ± 3.3

Medium P (90 kg ha−1) 74.3 ± 1.1 17.3 ± 0.5 71.9 ± 8.8

High P (180 kg ha−1) 74.0 ± 1.9 17.9 ± 0.5 68.5 ± 5.8

pfertilizer 0.1769 0.8810 0.4826

pinteraction 0.2954 0.1793 0.4739

Fig. 3 Thousand grain weight (mean ± standard error, n = 4) of the
soybean grown at harvest as a function of the application method (soil
surface and sowing line) and the P rate of triple superphosphate used in
this study (no P, low, medium, and high P rates; 0, 50, 100, and 200% of
the recommended rate, respectively). Different uppercase letters indicate
differences (p < 0.10) between fertilizers for each application method and
different lowercase letters indicate differences (p < 0.10) between the
application methods for the same P rate. The lack of letter indicates no
significant differences between application methods or P rates

Fig. 4 Yield (mean ± standard error, n = 4) of the soybean crop at harvest
as a function of the application method (soil surface and sowing line) and
the P rate of triple superphosphate used in this study (no P, low, medium,
and high P rates; 0, 50, 100, and 200% of the recommended rate,
respectively). Different lowercase letters indicate significant differences
(p < 0.10) between P rates
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However, Kamran et al. (2018) assessed the effect of P fertil-
ization (until 200 mg kg−1) on soybean growth in acidic soil
(pH 4.2 and exchangeable acidity around 6 cmolc kg

−1) and
concluded that P fertilization is fundamental to improve phys-
iologic attributes of soybean grown in these soils.

As shown in this study, crops show different responses to P
fertilization. Sucunza et al. (2018) assessed the effect of P
fertilization in soybean and wheat crops grown on soils with
different P contents during 14 years and concluded that wheat
was more sensitive to P fertilization than other crops. This
higher sensitivity of wheat to P fertilization was also
observed by Redel et al. (2019) when they compared this crop
with oat and barley. According to these authors, this was
related to a higher acid phosphatase activity in the roots of
wheat. However, Vieira et al. (2013, 2015) found that a higher
soil P content is required for winter crops than for summer
crops, especially when they are grown in an oxidic soil as the
one used in our field experiments. Finally, Fan et al. (2016)
fitted eleven root distribution patterns of temperate crops to a
versatile equation and they found that thicker roots are more
concentrated in the first centimeters of soil, with this effect
being more evident in dicotyledonous plants (including soy-
bean) than that in monocotyledonous plants (including
wheat). Therefore, the different sensitivity to P fertilization
and the different root distribution patterns could explain the
differences observed between our wheat and soybean crops
regarding the application method when TP was used.

5 Conclusions

Our results show the difficulty of enhancing phosphorus avail-
ability and yields of plants grown on a tropical or subtropical
Oxisol in which phosphorus availability is curbed by its min-
eralogy. Although multiple combinations of the different fac-
tors were included in this study (application method and phos-
phorus fertilizers for wheat or phosphorus rates for soybean),
plant yields were only increased by a reduced number of them.
For wheat, yields were increased up to more than 50% by
fertilizing to the sowing line (as we initially hypothesized)
with triple superphosphate in comparison with the application
of phosphorus to the soil surface or by fertilizing with natural
phosphate or monoammonium phosphate to the soil in com-
parison with triple superphosphate when they were applied to
the soil surface. For soybean, the highest phosphorus rate of
triple superphosphate increased yields up to 24% indepen-
dently of the application method.

In this Oxisol, it seems that the strategies that improved
crop yields were able to saturate the surface of the iron oxides,
probably due to the high solubility of these fertilizers
(monoammonium phosphate, triple superphosphate) and to
the initial soil phosphorus content. It facilitated an increase
in the availability of phosphorus in the soil solution and,

consequently, in crop yields. These results highlight the im-
portance of the design of specific fertilization strategies, con-
sidering P fertilizer solubility and composition and P rate, for
the different crops in subtropical regions.

Acknowledgments This work was supported by the Federal Institute of
Paraná [EDITAL PROEPI N° 03/2016].

References

AlamMS, Jahan I (2013) Yield and yield components of wheat as affect-
ed by phosphorus fertilization. Rajshahi Univ J Life Earth Agric Sci.
https://doi.org/10.3329/rujleas.v41i0.21624

Barrow NJ (1983) On the reversibility of phosphate sorption by soils. J
Soil Sci. https://doi.org/10.1111/j.1365-2389.1983.tb01069.x

Barrow NJ, Debnath A (2014) Effect of phosphate status on the sorption
and desorption properties of some soils of northern India. Plant Soil.
https://doi.org/10.1007/s11104-014-2042-8

Barrow NJ, Barman P, Debnath A (2018) Three residual benefits of ap-
plying phosphate fertilizer. Soil Sci Soc Am J. https://doi.org/10.
2136/sssaj2018.03.0115

Conab - Companhia Nacional de Abastecimento (2016) A produtividade
da soja: análise e perspectivas. Conab, Brasília

Cordell D, Drangert JO, White S (2009) The story of phosphorus: global
food security and food for thought. Global Environ Chang. https://
doi.org/10.1016/j.gloenvcha.2008.10.009

CQFS-RS/SC - Comissão de Química e Fertilidade Do Solo RS/SC
(2004) Manual de adubação e de calagem para o Estado do Rio
Grande do Sul e Santa Catarina. SBCS/Núcleo Regional Sul,
Porto Alegre

Cunha GF, Caierão E, Rosa AC (2016) Informações técnicas para o trigo
e triticale – safra 2016. Empresa Brasileira de Pesquisa
Agropecuária. Embrapa, Passo Fundo

Fan J, Mc Conkey B, Wang H, Janzen H (2016) Root distribution by
depth for temperate agricultural crops. Field Crops Res. https://doi.
org/10.1016/j.fcr.2016.02.013

Fink JR, Inda AV, Bavaresco J, Barrón V, Torrent J, Bayer C (2016a)
Adsorption and desorption of phosphorus in subtropical soils as
affected by management system and mineralogy. Soil Tillage Res.
https://doi.org/10.1016/j.still.2015.07.017

Fink JR, Inda AV, Bavaresco J, Sánchez-Rodríguez AR, Barrón V,
Torrent J, Bayer C (2016b) Diffusion and uptake of phosphorus,
and root development of corn seedlings, in three contrasting sub-
tropical soils under conventional tillage or no-tillage. Biol Fertil
Soils 52:203–210. https://doi.org/10.1007/s00374-015-1067-3

Fioreze SL, Castoldi G, Pivetta LA, Fernandes DM, Büll LT (2012)
Tillering of two wheat genotypes as affected by phosphorus levels.
A c t a S c i -Ag r o n . h t t p s : / / d o i . o r g / 1 0 . 1 5 9 0 / S 1 8 0 7 -
86212012000300014

Fischer P, Pöthig R, Gücker B, Venohr M (2018) Phosphorus saturation
and superficial fertilizer application as key parameters to assess the
risk of diffuse phosphorus losses from agricultural soils in Brazil.
Sci Total Environ. https://doi.org/10.1016/j.scitotenv.2018.02.070

Galetto S, Fonseca AF, Harkatin S, Reifur HI, Carvalho IQ (2014) Grain
crops and forage yield resulting from the use of phosphates in inte-
grated production system. Rev Ciênc Agron. https://doi.org/10.
1590/S1806-66902014000500009

George TS, Giles CD, Haygarth PM (2018) Organic phosphorus in the
terrestrial environment: a perspective on the state of the art and

1611J Soil Sci Plant Nutr (2020) 20:1605–1613

https://doi.org/10.3329/rujleas.v41i0.21624
https://doi.org/10.1111/j.1365-2389.1983.tb01069.x
https://doi.org/10.1007/s11104-014-2042-8
https://doi.org/10.2136/sssaj2018.03.0115
https://doi.org/10.2136/sssaj2018.03.0115
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1016/j.fcr.2016.02.013
https://doi.org/10.1016/j.fcr.2016.02.013
https://doi.org/10.1016/j.still.2015.07.017
https://doi.org/10.1007/s00374-015-1067-3
https://doi.org/10.1590/S1807-86212012000300014
https://doi.org/10.1590/S1807-86212012000300014
https://doi.org/10.1016/j.scitotenv.2018.02.070
https://doi.org/10.1590/S1806-66902014000500009
https://doi.org/10.1590/S1806-66902014000500009


future priorities. Plant Soil 427:191–208. https://doi.org/10.1007/
s11104-017-3391-x

Gross TF, Dias AR, Kappes C, Schiebelbein LM, Anselmo JL, Holanda
HV (2012) Comportamento produtivo do trigo em diferentes
métodos e densidades de semeadura. Sci Agrar Paranaen 11:50–60

Hammond LC; Black CA; Norman AG (1951) Nutrient uptake by soy-
beans on two Iowa soils. Research Bulletin (Iowa Agriculture and
Home Economics Experiment Station) https://libdriastateedu/cgi/
viewcontentcgi?article=1398&context=researchbulletin. Acessed
06 June 2019

Hoang K, Marschner P (2019) P pools after seven-year P fertiliser appli-
cation are influenced by wheat straw addition and wheat growth. J
Soil Sci Plant Nutr 19:603–610. https://doi.org/10.1007/s42729-
019-00059-2

IAPAR - Instituto Agronômico do Paraná (2016) Médias históricas.
http://www.iapar.br/arquivos/Image/monitoramento/Medias_
Historicas/Palmas.htm. Accessed Oct 2019

Johnson S, Loeppert RH (2006) Role of organic acids in phosphate mo-
bilization from iron oxide. Soil Sci Soc Am J. https://doi.org/10.
2136/sssaj2005.0012

Kämpf N,Marques JJ, Curi N (2012)Mineralogia de solos brasileiros. In:
Ker JC, Curi N, Schaefer CEGR, Torrado PV (eds) Pedologia -
Fundamentos. Sociedade Brasileira de Ciência do Solo, Viçosa-
MG, pp 207–302

Kamran MA, Xu RK, Li JY, Jiang J, Nkoh JN (2018) Effect of different
phosphorus sources on soybean growth and arsenic uptake under
arsenic stress conditions in an acidic Ultisol. Ecotoxicol Environ
Saf. https://doi.org/10.1016/j.ecoenv.2018.08.092

Majeed MA, Ahmad R, Tahir M, Tanveer A, Ahmad M (2014) Effect of
phosphorus fertilizer sources and rates on growth and yield of wheat
(Triticum aestivum L.). Asian J Agric Biol 2:14–19

Mehra OP, Jackson ML (1960) Iron oxides removal from soil and clays
by a dithionite-citrate system buffered with sodium bicarbonate.
Clay Clay Min 317-327:1960. https://doi.org/10.1016/B978-0-08-
009235-5.50026-7

Motomiya WR, Fabrício AC, Marchetti ME, Gonçalves MC, Robaina
AD, Novelino JO (2004) Métodos de aplicação de fosfato na soja
em plantio direto. Pesq Agrop Brasileira. https://doi.org/10.1590/
S0100-204X2004000400002

Nassif SML, Vieira IG, Fernades GD (1998) Fatores externos
(ambientais) que influenciam na germinação de sementes. Instituto
de Pesquisas e Estudos Florestais. www.ipef.br/tecsementes/
germinacao.asp. Accessed June 2019

Novais RF, Smyth TJ, Nunes FN (2007) Fósforo. In: Novais RF, Alvarez
VVH, Barros NF, Fontes RLF, Cantarutti RB, Neves JCL (eds)
Fertilidade do Solo. Sociedade Brasileira de Ciência do Solo,
Viçosa-MG, pp 471–550

Olibone D, Rosolem CA (2010) Phosphate fertilization and phosphorus
forms in an Oxisol under no-till. Sci Agric. https://doi.org/10.1590/
S0103-90162010000400014

Oliveira Neto AA, Santos CMR (2017) A cultura do trigo. Conab,
Brasília

Oliveira OF, Camargo CEO, Ramos VJ (1984) Efeito do fósforo sobre os
componentes de produção, altura das plantas e rendimento de grãos,
em tr igo . Bragant ia . h t tps : / /doi .org /10.1590/S0006-
87051984000100004

Pauletti V, Serrat BM, Motta ACV, Favaretto N, Anjos A (2010) Yield
response to fertilization strategies in no-tillage soybean, Corn and
Common Bean Crops. Braz Arch Biol Technol. https://doi.org/10.
1590/S1516-89132010000300009

Pontigo S, Ulloa M, Godoy K, Nikolic N, Nikolic M, Luz Mora M,
Cartes P (2018) Phosphorus efficiency modulates phenol metabo-
lism in wheat genotypes. J Soil Sci Plant Nutr. https://doi.org/10.
4067/S0718-95162018005002603

Rahman MS, Wilson JH (1977) Effect of phosphorus applied as super-
phosphate on rate of development and spikelet number per ear of
different cultivars of wheat. Aust J Agric Res 28:183–186

Redel Y, Staunton S, Durán P, Gianfreda L, Rumpel C, Luz Mora M
(2019) Fertilizer P uptake determined by soil P fractionation and
phosphatase activity. J Soil Sci Plant Nutr 19:166–174. https://doi.
org/10.1007/s42729-019-00024-z

Resende AV, Neto AEF, Alves VMC, Muniz JA, Curi N, Faquin V,
Kimpara DI, Santos JZL, Carneiro LF (2006) Fontes e modos de
aplicação de fósforo para o milho em solo cultivado da região do
Cerrado. Rev Bras Cienc Solo. https://doi.org/10.1590/S0100-
06832006000300007

Rosolem CA, Merlin A (2014) Soil phosphorus availability and soybean
response to phosphorus starter fertilizer. Rev Bras Cienc Solo.
https://doi.org/10.1590/S0100-06832014000500014

Sá JCM, Briedis C, Ferreira AO (2013) No-till corn performance in re-
sponse to P and fertilization modes. Rev Ceres. https://doi.org/10.
1590/S0034-737X2013000100014

Salvagiotti F, Castelların JM, Miralles DJ, Pedrol HM (2009) Sulfur fer-
tilization improves nitrogen use efficiency in wheat by increasing
nitrogen uptake. Field Crop Res. https://doi.org/10.1016/j.fcr.2009.
05.003

Sander G, Costa ACT, Duarte JBJ (2011) Efeito de diferentes
espaçamentos e densidades de semeadura no perfilhamento e
produtividade de trigo. V Reunião Brasileira da Comissão de
Pesquisa de Trigo e Triticale. Dourados, Embrapa

Santos DR, Gatiboni LC, Kaminski J (2008) Fatores que afetam a
disponibilidade do fósforo e o manejo da adubação fosfatada em
solos sob sistema de plantio direto. Cienc Rural. https://doi.org/10.
1590/S0103-84782008000200049

Schwertmann U (1964) Differenzierung der Eisenoxide des Bodens
durch Extraktion mit Ammoniumoxalat-Lösung. Z Pflanzenernähr
Düng Bodenk. https://doi.org/10.1002/jpln.3591050303

Shigaki F, Sharpley A, Prochnow LI (2007) Rainfall intensity and phos-
phorus source effects on phosphorus transport in surface runoff from
soil trays. Sci Total Environ. https://doi.org/10.1016/j.scitotenv.
2006.10.048

Silva FN, Furtini Neto AE, Carneiro LF, Magalhães CA, Carneiro DNM
(2009) Soybean growth and yield under different doses and sources
of phosphorus on distinct soils. Cienc Agrotec. https://doi.org/10.
1590/S1413-70542009000500004

Soil Survey Staff (2010) Keys to soil taxonomy. United States
Department of Agriculture, Washington, DC

Sucunza FA, Boem FHG, Garcia FO, Boxler M, Rubio G (2018) Long-
term phosphorus fertilization of wheat, soybean and maize on
Mollisols: soil test trends, critical levels and balances. Eur J
Agron. https://doi.org/10.1016/j.eja.2018.03.004

Tao Z, Chang X,Wang D,Wang Y, Ma S, Yang Y, Zhao G (2018) Effects
of sulfur fertilization and short-term high temperature on wheat
grain production and wheat flour proteins. Crop J. https://doi.org/
10.1016/j.cj.2018.01.007

Vaccari DA (2009) Phosphorus, a looming crisis. Sci Am. https://doi.org/
10.1038/scientificamerican0609-54

Valadão FAS, Weber OLS, Valadão Júnior DD, Santin MFM, Scapinelli
A (2017) Macronutrient content and productivity of soybean influ-
enced by the compaction of soil and phosphate fertilizer. Rev Cienc
Agron. https://doi.org/10.19084/RCA15092

Vieira RCB, Bayer C, Fontoura SMV, Anghinoni I, Ernani PR, Moraes
RP (2013) Critérios de calagem e teores críticos de fósforo e
potássio em Latossolos sob plantio direto no centro-sul do Paraná.
Rev Bras Cienc Solo. https:/ /doi.org/10.1590/S0100-
06832013000100019

Vieira RCB, Fontoura SMV, Bayer C, Moraes RP, Carniel E (2015)
Phosphorus fertilization for high yield of soybean, maize, and winter
cereal crops in rotation in Oxisols under long-term no-till in the

1612 J Soil Sci Plant Nutr (2020) 20:1605–1613

https://doi.org/10.1007/s11104-017-3391-x
https://doi.org/10.1007/s11104-017-3391-x
https://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=1398&context=researchbulletin
https://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=1398&context=researchbulletin
https://doi.org/10.1007/s42729-019-00059-2
https://doi.org/10.1007/s42729-019-00059-2
http://www.iapar.br/arquivos/Image/monitoramento/Medias_Historicas/Palmas.htm
http://www.iapar.br/arquivos/Image/monitoramento/Medias_Historicas/Palmas.htm
https://doi.org/10.2136/sssaj2005.0012
https://doi.org/10.2136/sssaj2005.0012
https://doi.org/10.1016/j.ecoenv.2018.08.092
https://doi.org/10.1016/B978-0-08-009235-5.50026-7
https://doi.org/10.1016/B978-0-08-009235-5.50026-7
https://doi.org/10.1590/S0100-204X2004000400002
https://doi.org/10.1590/S0100-204X2004000400002
http://www.ipef.br/tecsementes/germinacao.asp
http://www.ipef.br/tecsementes/germinacao.asp
https://doi.org/10.1590/S0103-90162010000400014
https://doi.org/10.1590/S0103-90162010000400014
https://doi.org/10.1590/S0006-87051984000100004
https://doi.org/10.1590/S0006-87051984000100004
https://doi.org/10.1590/S1516-89132010000300009
https://doi.org/10.1590/S1516-89132010000300009
https://doi.org/10.4067/S0718-95162018005002603
https://doi.org/10.4067/S0718-95162018005002603
https://doi.org/10.1007/s42729-019-00024-z
https://doi.org/10.1007/s42729-019-00024-z
https://doi.org/10.1590/S0100-06832006000300007
https://doi.org/10.1590/S0100-06832006000300007
https://doi.org/10.1590/S0100-06832014000500014
https://doi.org/10.1590/S0034-737X2013000100014
https://doi.org/10.1590/S0034-737X2013000100014
https://doi.org/10.1016/j.fcr.2009.05.003
https://doi.org/10.1016/j.fcr.2009.05.003
https://doi.org/10.1590/S0103-84782008000200049
https://doi.org/10.1590/S0103-84782008000200049
https://doi.org/10.1002/jpln.3591050303
https://doi.org/10.1016/j.scitotenv.2006.10.048
https://doi.org/10.1016/j.scitotenv.2006.10.048
https://doi.org/10.1590/S1413-70542009000500004
https://doi.org/10.1590/S1413-70542009000500004
https://doi.org/10.1016/j.eja.2018.03.004
https://doi.org/10.1016/j.cj.2018.01.007
https://doi.org/10.1016/j.cj.2018.01.007
https://doi.org/10.1038/scientificamerican0609-54
https://doi.org/10.1038/scientificamerican0609-54
https://doi.org/10.19084/RCA15092
https://doi.org/10.1590/S0100-06832013000100019
https://doi.org/10.1590/S0100-06832013000100019


south central region of Parana, Brazil. Rev Bras Cienc Solo. https://
doi.org/10.1590/01000683rbcs20140463

Whaley JM, Sparkes DL, Foulkes MJ, Spink JH, Semere T, Scott RK
(2000) The physiological response of winter wheat to reductions in
plant density. Ann Appl Biol. https://doi.org/10.1111/j.1744-7348.
2000.tb00048.x

Williams EH, Reith JWS (1971) Residual effects of phosphate and rela-
tive effectiveness on annual and rotational dressing. Residual value
of applied nutrients. Londres, Min. of Agric. Fisheries and Food.
Tech. Bull.20

Zar JH (2010) Biostatistical analysis, 5th edn. Prentice-Hall/Pearson,
Upper Saddle River

Zhang P, Li C, Xie X, Gao Q, Zhang J, Wang L (2019) Integrated soil-
crop system management increases phosphorus concentrations and
bioavailability in a Primosol. J Soil Sci Plant Nutr 19:357–367.
https://doi.org/10.1007/s42729-019-00036-9

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1613J Soil Sci Plant Nutr (2020) 20:1605–1613

https://doi.org/10.1590/01000683rbcs20140463
https://doi.org/10.1590/01000683rbcs20140463
https://doi.org/10.1111/j.1744-7348.2000.tb00048.x
https://doi.org/10.1111/j.1744-7348.2000.tb00048.x
https://doi.org/10.1007/s42729-019-00036-9

	Enhancing Wheat and Soybean Yields in a Subtropical Oxisol Through Effective P Fertilization Strategies
	Abstract
	Introduction
	Materials and Methods
	First Field Experiment: Wheat Crop
	Second Field Experiment: Soybean Crop
	Statistical Analysis

	Results
	Wheat Experiment: Application Method and P Fertilizers
	Soybean Experiment: Application Method and P Rates

	Discussion
	Plant Growth Variables
	Thousand Grain Weight and Yield

	Conclusions
	References


