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Reservoirs of P and fertilizer with
technology on the path to
sustainability in coffee
production

Felipe Cunha Siman, Felipe Vaz Andrade, Eduardo Stauffer and
Eduardo de Sa Mendoncga*

Agronomy Department, Federal University of Espirito Santo, Alegre, Brazil

Phosphorus (P) is found in the soil in organic (Po) and inorganic (Pi) forms and
in compartments with different lability, normally being separated into labile,
moderately labile, restricted lability and non-labile forms. The different sources
of fertilizers used in the long term may change the form and availability of
P over time, increasing or not its availability to plants, which can positively
influence coffee productivity. This work aimed to evaluate in the field the
effects of phosphate fertilizers with associated technology on the availability
of P in soil with high P adsorption capacity after successive fertilizations in
Coffea canephora Pierre ex A.Froehner crop. In the experiment, three phosphate
sources (conventional MAP — MAP, polymer-coated MAP — MAPPOL and MAP +
filter cake — MAPTF); two doses (100 and 150 % of the recommendation); and
two nitrogen sources (conventional urea — UC and urea coated with polymer
and sulfur — UPS) were used. After 3 years of field experimentation, the soil
was collected at a depth of 0—-10cm and then, the labile, moderately labile, and
restricted lability fractions were determined. Phosphate fertilizers with associated
technology obtained better results in relation to MAP in terms of Pi and Po
contents for the labile compartment over time, with an average increase of
66.02 mg dm~3 P in the soil. For the moderately labile fraction, fertilizers with
associated technology increased the Pi content (HCL 1M) in the soil in relation to
MAP, by 2.56 mg dm=3, representing an increase of 37.92%. These compartments
are considered an important reserve of available P for crops grown in soils
with high adsorption capacity. Phosphate fertilizers with integrated protection
(MAPPOL + MAPTF) compared to MAP increased productivity by 6.79 and 11.62
% in the 2017/2018 and 2018/2019 harvests, respectively. Phosphate fertilizers
with associated technology promote P dynamics in different soil compartments,
increasing Coffea canephora Pierre ex A. Froehner productivity and sustainability.

KEYWORDS

monoammonium Phosphate, filter cake, fertilizer efficiency, technology, phosphorus,
extractors

1 Introduction

The total area destined for coffee growing in Brazil in 2023, for arabica and
conilon coffee, totals 2.24 million hectares. With a 70.2% share of coffee production
in the country, it is estimated that 38.16 million bags of Arabica coffee will be
harvested, representing an increase of 16.6% over the previous harvest. For conilon
coffee, estimated production is 16.2 million bags of 60kg, with a 10% reduction in
productivity due to adverse weather conditions (Companhia Nacional de Abastecimento
- CONAB, 2019). The growing need to increase crop productivity to attend the
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population’s demand for coffee results in a greater consumption of
phosphate fertilizers and the need to increase their efficiency, given
that P reserves are not renewable.

In Brazil, coffee growing is one of the crops with the highest
consumption of fertilizers. Among the nutrients applied, P is
considered the most limiting nutrient in tropical soils. These
soils, specifically the Oxisols, are characterized by a marked
degree of weathering, with iron (Fe) and aluminum (Al) oxides
predominating in the clay fraction. This condition gives them a
high capacity for adsorption of P (Abdala et al., 2015; De Campos
et al, 2016), causing low availability of this nutrient in the soil
solution (Fink et al., 2014) and low efficiency of use of P fertilizer
in crops, which is around 20%, ensuring the need to be applied in
quantities greater than those required by the crop. In this scenario,
adequate fertilizer management is essential for the efficient use of P
and the sustainability of coffee growing.

Currently, technological alternatives are being sought to
increase the efficiency of phosphate fertilizers, such as covering
the soluble fertilizer granule with polymers or biochars or adding
organic material, such as filter cake (Borges et al., 2019; Li et al,,
20205 Lustosa Filho et al., 2020). The new technologies have the
potential to minimize environmental impact and improve the
efficiency of fertilizer use. Besides that, they increase the nutrient
release process to soil, reducing the movement of P from labile to
non-labile forms, promoting greater P absorption by plants and
improving crop productivity/sustainability.

The efficiency of technologies associated with the soluble source
of P consists in altering the kinetics of nutrient release into the soil.
This allows its transport and the minimization of reactions between
P and the soil components that surround the fertilizer granules.
By altering the kinetics of P release there is also a reduction in
the contact time of P with Fe and Al oxides, favoring release over
a longer period, making it more available to plants (Gazola et al.,
2013).

Phosphorus fertilization management influences P availability
to the plants. Then, there is a need to know how P is affected
by different soil management and long-term fertilization strategies
(Qiong et al., 2022).

In the soil, P occurs in inorganic (Pi) and organic (Po)
forms, with different degrees of lability (Dalai, 1977), namely:
labile fraction, moderately labile fraction; restricted lability fraction
and non-labile fraction, all with their organic and inorganic
compartments (Hedley et al, 1982; Camargo et al, 1999).
Knowledge of these compartments has the advantage of obtaining
information about the availability of P in the short, medium, and
long term, and can also be used to monitor changes in the forms of
P in the soil (Araujo et al., 1993), especially in situations involving
the use of fertilizers and soil management (Rheinheimer et al,
2000).

Oliveira et al. (2022) found that P levels in the soil varied
depending on the sources (MAP and polymer-coated MAP) and
doses applied to sugarcane, with the coated MAP providing the
highest nutrient levels (12.72mg dm~> P) while conventional
MAP presented a content of 10.89mg dm~—> P in a readily
labile compartment.

In this scenario, it is important to understand how each of
the phosphate fertilizer technologies can act on soil P dynamics,
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increasing P availability and improving fertilizer efficiency in coffee
crops, making the production process more sustainable. This work
aimed to evaluate P compartments through the application of
phosphate fertilizers with associated technology after successive
fertilization in coffee crops and its productivity/sustainability.

2 Material and methods

The experiment was carried out using Coffea canephora Pierre
ex A.Froehner as a test plant, grown on a farm in the municipality
of Jeronimo Monteiro - ES (20°49'58” S and 41°24/51” W. The soil
in the region is a Argissolo Vermelho Amarelo, the relief is wavy
and the region’s climate is Cwa, according to Koppen’s classification
(Alvares et al., 2013). Precipitation (mm) and temperature (°C)
data are presented in Figure 1.

The cultivation was carried out during the 2017/2018 and
2018/2019 harvests. The coffee plants were 5 years old and the
spacing used was 2.5 x 1.5m. During the experimental period, no
irrigation was performed.

The research was carried out with 12 treatments (3 x 2
x 2), with three replications, so that the total experimental
units were 36 samples, with six coffee plants per experimental
unit. The experimental design was in randomized complete block
design, with the factors being: three phosphate fertilizer sources
(conventional monoammonium phosphate - MAP, Kimcoat
polymer-coated MAP - MAPPOL and MAP + filter cake -
MAPTEF), two doses, being 100 and 150% of the recommended
phosphate fertilizer for coffee plants according to Prezotti et al.
(2007) and two nitrogen sources (conventional urea - UC and urea
coated with polymer and sulfur — UPS). The experimental design is
shown in the following Figure 2.

Soil samples were collected (depth of 0-20cm), in the
projection of the plant crown, for physical (Teixeira et al.,, 2017)
and soil chemical (Silva and Da Silva, 2009) characterization in the
2017/2018 and 2018/2019 harvests. After the analyses, liming was
applied on the soil surface, in the projection of the plant crown,
to increase base saturation to 60 % (Prezotti et al., 2007) in each
coffee harvest.

Fertilization with N and P was carried out for a productivity
of 4,260-6,000 kg ha—! according to Prezotti et al. (2007), which
corresponds to a dose per harvest of 440 and 75 kg ha=! of N, P,Os,
respectively. The amount of phosphate fertilizer for the 100 % dose
is 75kg ha~! of P,0s5 and for the 150 % dose it is 112.5kg ha~!
of P205.

After two harvests had elapsed, soil was collected in the
projection of the coffee tree crown, at a depth of 0-10cm, to
do P fractionation and determine the organic and inorganic P
compartments in all experimental units. The method developed by
Hedley et al. (1982) was used, with adaptations (Condron et al,
1985; Araujo et al, 1993; Tiessen and Moir, 1993; Cross and
Schlesinger, 1995; Camargo et al., 1999) described by Andrade
and de Villani (2017). This method aims to determine the labile
(readily available), moderately labile (medium-term availability)
and restricted lability (long-term availability) forms. At the end,
the sequential extraction of P aimed to determine inorganic P (Pi)
and total P (Pt) in each extractor, except in the first stage, which
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|:] Treatment example (six Coffea plant)

is the anion exchange resin, in which the P adsorbed to the resin
was quantified. Organic P (Porg) was determined by the difference
between Pt and Pi.

The collected 0.5g of soil was used to perform the
extraction steps, the first of which was extraction in anion
exchange resin, followed by NaHCO; 0,5mol L! pH 8,5,
NaOH 0,1 mol L%, HCl 1mol L™, NaOH 0,5mol L~!. The
final step consisted of digesting 0.25g of remaining soil to
determine the residual P in the extract, according to Figure 3.
Pi and Porg contents were determined at different degrees
of lability for each of the extractors and evaluated their
relationship with the technologies of phosphate and nitrogen
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fertilizer used, specially their effect on P availability after
successive crops.

The coffee fruits were harvested to determine the productivity
of each treatment, starting when 90% of the fruits were
ripe. The fruits of the four central plants of each treatment
were harvested, washed and separated into green and mature
grains and then weighed individually. Subsequently, a simple
sample of 0.5kg of mature grains was taken from each plant
The

samples were dried in a forced circulation oven at 45°C until

to form a composite sample of 2kg per treatment.

obtaining humidity between 11 and 12%, controlled using
a Gehaka AGRI model G800 humidity meter. Subsequently,
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FIGURE 3
Soil analysis scheme flowchart. Pi, inorganic phosphorus; Pt, total phosphorus.

TABLE 1 Orthogonal contrast (Ci) of P compartments and extractors,
considering phosphate fertilizers, doses of P and nitrogen fertilizers.

Compartments
extractors

Orthogonal contrasts (Ci)

MAP 2 0
MAPPOL -1 1
MAPTF -1 -1

MAPTF

MAPPOL

Dose of 100%

Dose of 150% 1 1 1

MAP MAPTF
100% 150% 100% 150% 100% 150%

Coated urea with 1 1 1 1 1 1
polymer and sulfur

MAPPOL

Conventional urea -1 -1 -1 -1 -1 -1

C1, MAP vs. (MAPPOL + MAPTF); C2, MAPPOL vs. MAPTF; C3, dose of 150% vs. dose of
100%; C4: coated urea with polymer and sulfur vs conventional urea; MAP, monoammonium
phosphate; MAPPOL, polymer coated MAP; MAPTE, MAP with addition of filter cake.

the samples were piled and weighed to obtain productivity
in kg/ha.

The data were subjected to analysis of variance and the
treatments were evaluated by the F test at levels of 5 and
10% probability and evaluated by comparing means using
orthogonal contrasts (Alvarez and Alvarez, 2006), according
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to Table 1. For data analysis, the statistical program R
was used.
5 Results

The P content in the soil varied depending on the phosphate
sources applied to the conilon coffee crop (Table 2). In general, the
associated technologies promoted higher P content in the readily
labile and restricted lability compartment (C1, Table 3). MAP, in
turn, increased the P content in the non-labile fraction in relation
to associated technologies (C1, Table 3).

Phosphate fertilizers with associated technology provided
higher levels of readily labile Pi and Porg (extracted in 0.5M
NaHCO3) in relation to MAP (C1, Table 3). In turn, fertilizers with
associated technology did not differ in terms of readily labile P
content (C2, Table 3). The MAP presented an average of 74.36 mg
dm™> for Pi and 15.78 mg dm~> for Porg while the associated
technologies presented values of 116.78 mg dm > (Pi) and 39.38 mg
dm™3 (Porg) (Table 2).

In general, there were no differences between sources with
associated technology and MAP or between MAPPOL and
MAPBIO for the moderately labile compartment. However, in this
compartment, fertilizers with associated technology showed better
results in relation to MAP and MAPTF was better in relation to
MAPPOL for the content of moderately labile Pi extracted in 1 M
HCI (C1 and C2, Table 3).

Fertilizers with associated technology presented average levels
(Pi) of 9.32 mg dm~> while MAP recorded a value of 6.75 mg dm—>
for the 1M HCI extractor (Table 2). MAPTF presented a value
19.81% higher in relation to MAPPOL for this same variable.

In the restricted lability compartment, the associated
technologies provided better results in relation to the MAP for
the Porg contents extracted in 0.5M NaOH (Cl, Table 3). The
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TABLE 2 Average levels and standard deviation of available P depending on the extractors after application of phosphate fertilizers considering the
doses and N fertilizers.

Extractors Nitrogen fertilizers Phosphate source dose (%) Source of phosphate fertilizers
MAPPOL MAPTF
(mg dm—3)
Anion exchange resin ucC 100 3.84 0.19 4.14 0.32 4.44 0.65
150 4.80 032 5.08 0.14 4.67 0.47
UPS 100 435 0.23 4.63 0.95 4.27 036
150 5.16 1.27 8.19 0.99 4.62 0.44
0.5M NaHCO; (Pi) ucC 100 65.22 1.32 89.88 11.91 96.80 3.23
150 69.63 8.04 110.60 6.55 161.36 22.56
UPS 100 69.08 227 112.23 23.16 94.63 15.74
150 93.50 7.49 139.16 553 129.59 3.85
0.5M NaHCO; (Porg) uc 100 5.56 1.95 20.42 2.95 37.70 2.92
150 24.71 0.19 50.62 3.64 42.11 3.36
UPS 100 7.68 1.20 34.19 1.92 25.83 6.75
150 25.16 6.52 53.93 4.82 50.15 4.67
0.1 M NaOH (Pi) uc 100 35.75 0.60 35.18 1.74 36.59 2.70
150 3547 6.32 38.40 7.15 40.98 1.67
UPS 100 31.58 455 42.66 2.59 33.62 236
150 42.15 L12 44.27 3.28 37.98 2.83
0.1 M NaOH (Porg) uc 100 2261 0.56 22.10 2.40 22.90 3.23
150 2439 2.08 24.17 1.28 35.01 3.24
UPS 100 27.75 3.99 2226 2.19 20.47 0.70
150 28.56 3.18 25.06 222 23.28 4.80
1M HCI (Pi) uc 100 6.17 0.08 7.10 1.48 9.33 0.76
150 7.53 0.97 7.43 0.77 11.02 035
UPS 100 6.19 1.01 8.40 1.06 8.23 0.65
150 7.10 1.48 10.98 2.08 12.06 320
1M HCI (Porg) uc 100 481 0.88 7.01 0.85 4.65 1.19
150 6.22 1.66 7.11 0.70 5.28 0.77
UPS 100 4.18 1.07 4.63 0.81 423 1.02
150 5.89 0.67 5.58 1.21 16.74 2.99
0.5 M NaOH (Pi) uc 100 7.68 1.14 6.44 0.38 6.44 0.38
150 8.51 1.22 6.83 0.50 7.67 0.86
UPS 100 7.78 1.48 7.50 0.34 7.89 0.39
150 8.08 0.79 7.78 1.48 8.19 1.46
0.5 M NaOH (Porg) ucC 100 4.77 1.79 6.77 0.84 8.01 2.60
150 6.00 0.65 9.45 0.41 8.23 118
UPS 100 4.55 021 6.40 071 8.45 0.49
150 5.90 0.62 7.81 1.64 8.76 111
Digestion (P-residual) uc 100 1,607.68 | 13225 | 1,508.93 | 171.13 | 1208.87 | 42.08
150 1,568.00 | 163.10 | 1,548.37 | 15752 | 1,643.23 | 221.40
UPS 100 2,00576 | 131.03 | 1,386.76 | 44.87 | 140453 | 127.73
150 1,907.84 | 7550 | 1,769.51 | 134.06 | 1,923.00 | 96.84

MAP, monoammonium phosphate; MAPPOL, polymer coated MAP; MAPTE, MAP with addition of filter cake; UC, conventional urea; UPS, urea coated with polymer and sulfur; Pi, inorganic
phosphorus; Porg, inorganic phosphorus.
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TABLE 3 Orthogonal contrasts of P extractors considering phosphate
fertilizers regardless of the amounts of phosphate fertilizers and N
fertilizers.

Orthogonal contrasts (Ci)

10.3389/fsufs.2024.1403744

TABLE 4 Orthogonal contrast (Ci) of P extractors, considering the doses
of phosphate fertilizers within phosphate fertilizers, independently of
nitrogen fertilizers.

Orthogonal contrast C3

C1 c2 MAP  MAPPOL MAPTF
Compartments Compartments
Readily labile —66.49"* —5.79™ Readily labile 33.61% 51.04** 64.38"*
Moderately labile —5.26™ —2.51™ Moderately labile 9.12" 6.83" 21.16™
Restricted lability —2.01** —1.17* Restricted lability 1.86" 2.38" 1.03"
Non-labile 223.17* 8.48™ Non-labile 368.96** 171.67" 476.41%*
Extractors Extractors
Anion exchange resin —0.47* 1.01%* Anion exchange resin 0.88** 2.25%* 0.29™
0.5M NaHCO3; (Pi) —42.43"* —7.63™ 0.5 M NaHCOj; (Pi) 14.41* 23.82** 49.76**
0.5M NaHCOj3 (Porg) —23.60™* 0.82" 0.5 M NaHCO; (Porg) 18.31* 24.97** 14.33*
0.1 M NaOH (Pi) —2.47" 2.83™ 0.1 M NaOH (Pi) 5.14* 2.42m 4.37*
0.1 M NaOH (Porg) 1.427 —2.02™ 0.1 M NaOH (Porg) 1.29" 2.43" 7.46"
1M HCI (Pi) —2.57** —1.68"* 1M HCI (Pi) 1.13"™ 1.45* 2.76™
1M HCI (Porg) —1.63" —1.64™ 1M HCI (Porg) 1.56™ 0.53™ 6.57*
0.5M NaOH (Pi) 0.67" —0.41™ 0.5M NaOH (Pi) 0.57" 0.34™ 0.77™
0.5M NaOH (Porg) —2.68** —0.75" 0.5 M NaOH (Porg) 1.29" 2.04** 0.26™
Digestion (P-residual) 223.17** 8.48™ Digestion (P-residual) 368.96** 211.11* 476.41**

Cl, MAP vs. (MAPPOL + MAPTF); C2, MAPPOL vs. MAPTF; MAP, monoammonium
phosphate; MAPPOL, polymer coated MAP; MAPTE, MAP with addition of filter cake;
Pi, inorganic phosphorus; Porg, organic phosphorus; **

respectively, and ns, not significant.

and * significant at 1 and 5%,

average obtained by MAP was 5.30 mg dm~> while the associated
technolo-gies recorded 7.98 mg dm ™2 (increase of 50.56%).

MAP presented higher
compartment in relation to the associated technologies (Cl1,

P-values for the non-labile
Table 3). While fertilizers with associated technology record-ed
average values of 1,549.15mg dm—3, MAP presented a value of
1,772.32 mg dm—3, as conventional MAP tends to present higher
levels of P in more stable forms in soil.

The Piand Porg contents in the restricted lability compartment
(0.5 M NaOH) and the non-labile P contents showed no differences
between the associated technologies (C2, Table 3). These results
demonstrate that the addition of filter cake or coating with
polymers presented similar results for these compartments.

When considering the doses of P, MAP and MAPTF at a dose
of 150% presented higher levels of P readily labile, of restricted
lability and non-labile P in relation to 100 % (C3, Table 4). In
turn, MAPPOL showed higher P levels in the readily labile and
restricted lability compartments at a dose of 150% compared to
100% (C3, Table4). As expected, the increase in the dose of
phosphate fertilizer suggests higher P contents, especially in the
more labile compartments (C3, Table 4). This occurs because, due
to the increase in the applied P dose, the P adsorption sites in the
regions adjacent to the granules can be saturated, increasing the
availability of P.

The dose effect on MAP and MAPPOL occurred mainly in
readily labile and non-labile P extractors (C3, Table 4). MAPTEF also

Frontiers in Sustainable Food Systems

C3, dose of 150% vs dose of 100%; MAP, monoammonium phosphate; MAPPOL, polymer
coated MAP; MAPTE, MAP with addition of filter cake; Pi, inorganic phosphorus; Porg,
organic phosphorus; ** and * significant at 1 and 5%, respectively, and ns, not significant.

provided greater results in extractors with moderate lability, with Pi
extracted in 0.1 M NaOH and Pi and Porg extracted in IM HCl at a
dose of 150% in relation to 100% (C3, Table 4).

For the restricted lability extractor, 0.5 M NaOH, the 150% dose
was only higher than the 100% dose for the Porg content recorded
by MAPPOL. For all sources, the highest dose provided the highest
P-residual content.

In general, there was no interaction for the use of N fertilizers,
which was expected in a long-term experiment. Data regarding N
sources were not presented due to the lack of significance for the
contrasts regarding the use of N fertilizers (conventional urea - UC
x urea coated with polymer and sulfur - UPS).

Productivity data per fertilizer is presented in Figure 4.

The average yields of processed grains in the 2017/2018
and 2018/2019 harvests due to the application of phosphate
fertilizers with integrated protection (MAPPOL + MAPTF) were
5,067.6 and 6,004.8 kg ha—!, while the application of MAP
generated production of 4,745.4 and 5,379.6 ka ha™1, respectively.
This demonstrates that phosphate fertilizers with integrated
protection (MAPPOL + MAPTF) compared to MAP increased
productivity by 6.79 and 11.62% in the 2017/2018 and 2018/2019
harvests, respectively.

When comparing phosphate fertilizers with associated
technology to each other in the 2017/2018 and 2018/2019 harvests,
there were no statistical differences between the MAPPOL and the
MAPTF for the variables analyzed (Figure 4). Even though there
are no differences between them, the application of these fertilizers
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FIGURE 4
Average productivity of the conilon coffee in the 2017/2018 and 2018/2019 harvests depending on the application of phosphate fertilizers and doses
of phosphate fertilizers. Equal letters do not differ among fertilizers at the 5% significance level using Tukey test.

provided high productivity in relation to the average productivity
for conilon coffee in the State of Espirito Santo in the 2017/2018
and 2018/2019 harvests (CONAB, 2019).

4 Discussion

The increase in availability of P with the use of fertilizers with
technology was relevant (C1, Table 3), indicating that, in general,
the more labile fraction of P in the soil was influenced by the
addition of technology to fertilization management, whether by
coating with polymers or addition of filter cake to MAP. These
results were relevant, as they demonstrate that the use of technology
can increase the sustainability of phosphate fertilization, improving
the availability of P for crops.

The lower levels of soil P availability recorded by MAP may be
associated with the high solubility of the soluble source and the
absence of P release mechanisms under favorable soil conditions,
causing immediate adsorption and migration to less labile
compartments. The shorter P remains in labile compartments, the
faster its transit to less labile compartments, reducing the efficiency
of phosphate fertilizer (Amaral et al., 2011).

The addition of technology to the soluble source had the
potential to increase the labile fractions of P (Borges et al., 2019;
Lustosa Filho et al, 2020), as it promotes the release of P in
favorable soil conditions (high volumetric content of water) and/or
improves the environment in the region of P release (addition of
organic matter). As a result, there was an increase in the organic
matter content, an increase in negative charges, the release of
organic acids and an improvement in the environmental quality
of the soil, increasing production sustainability. Furthermore, it
reduced the contact time of P with the soil matrix, reducing forms
that are less available through the adsorption process (Wadt and
Silva, 2011; da Cruz et al., 2017).
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There are particularities in the functioning of each associated
technology. MAPPOL has a coating layer responsive to soil
moisture and the solubilization of the fertilizer inside occurs
according to the humidity (Mikula et al, 2020). This release
dynamic allowed the P to be released under more favorable
conditions. In addition, the greater volumetric water content
provides greater biological activity and, consequently, greater
presence of P in the readily labile compartment, suggesting greater
environmental sustainability of the production.

MAPTE as it is an organo-mineral fertilizer, the organic matter
present in its constitution acts by coating Fe and Al oxides and
the organic acids released compete for P adsorption sites in clay
minerals, which reduces the adsorption intensity and increases P
availability (Andrade et al.,, 2003; Fernandes et al., 2015), increasing
P levels in the labile compartment. Furthermore, the phosphorus-
metal-humic compounds formed between P and organic matter
tend to have greater reversibility compared to oxides, which may
have increased the P contents extracted in anion exchange resin and
0.5 M NaHCO3 (Lustosa Filho et al., 2020).

Soltangheisi et al. (2019) found an increase in labile P fractions
by up to 45.7% when adding filter cake to a soluble source (triple
superphosphate). The authors attributed these results to the fact
that the filter cake is an organic material with a high cation
exchange capacity, which can reduce the intensity of P adsorption
and increase its availability.

Oliveira et al. (2022), using polymer-coated MAP, found that
in the labile and moderately labile fractions, the polymer-coated
fertilizer was more efficient. However, Gazola et al. (2013) did not
find an interaction between MAP (conventional and coated) and
residual phosphorus content in the soil, which requires further
studies to establish the relationship between polymerized fertilizers
and the availability of P in the soil by different extractors.

Much has been said about the sustainability of P use in
agriculture and the importance of reusing or recycling sources of
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this element, especially as it is one of the most limiting nutrients
for agricultural production in tropical soils. In the case of Brazil,
there is a great dependence on imports of phosphate fertilizers. In
this context, the addition of technology to phosphate sources and
the increase in the P content in the labile fraction has the potential
to increase the efficiency of fertilization and, consequently, the
sustainability of agriculture, requiring fewer inputs to maintain
high levels of productivity.

The best results presented by the associated technologies in
relation to MAP in the moderately labile fraction for the Pi content
extracted in 1 M HCI may be associated with the kinetics of P
release, the coating of Fe and Al oxides by organic matter and the
formation of organic compounds with P (Borges et al., 2019; Li
etal.,, 2020; Lustosa Filho et al., 2020). Such mechanisms contribute
to reducing the intensity of P adsorption on Fe and Al oxides,
which begins with the reversible adsorption-precipitation of the
orthophosphate ion from the soil solution until its irreversibility,
from an agronomic point of view (Novais et al., 2007; Fernandez
et al., 2008), decreasing the lability of P, a phenomenon that is
observed more pronouncedly for soluble sources, such as MAP.

The higher P levels obtained by MAPTF in relation to MAPPOL
for moderate lability may be related to the migration of P from
the most labile compartments, which occurs over time. It is also
noteworthy that this compartment is important in P dynamics and
contributes to the absorption of P by crops, especially perennials
(Tisdale et al., 1993; Li et al., 2020).

It is observed that even in a compartment with restricted
lability there was an increase in P levels, a fact that may be related
to successive fertilization during harvests, which, in addition to
increasing P levels in labile and moderately labile compartments,
contributed to the increase of associated P to fulvic and humic acids
within aggregates (Condron et al.,, 1985).

The differences between lability and fertilization levels for the
fertilizers studied (MAP and MAPPOL - readily labile and non-
labile; MAPTF - moderate lability) may be related to the P release
kinetics, as the addition of filter cake to the soluble source generates
a pelletized product, which changes the mechanical characteristics
of the final product and, consequently, the P release rate, depending
on the volumetric water con-tent of the medium.

Authors have already reported a longer release period for
MAPTF in relation to other associated technologies, increasing P
levels in the soil and maintaining it at agronomically adequate levels
for up to 2 years (Soltangheisi et al., 2019), in labile and moderately
labile, a fact that may have occurred in this work.

The increase in P adsorption intensity caused by the use of MAP
tends to occur because it is a highly soluble source. MAP releases P
more quickly into the soil solution and in less favorable conditions,
such as the absence of organic matter in the P release region, which
the increased contact time with Fe and Al oxides tends to reduce the
most available forms of P (Wadt and Silva, 2011). All these together
promote greater losses of P to less labile compartments, reducing
coffee production sustainability.

The lack of interaction for the use of nitrogen fertilizers can be
explained by the long term of the experiment. However, the short-
term effect of N on P availability may occur. Hanway and Olson
(1980) observed that there is an increase in P absorption when
applied together with ammonia N in the planting furrow. This
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occurs because UPS has sulfur in its composition and when added
to the soil, the released sulfur can compete with phosphate for
adsorption sites on Fe and Al oxides, especially in highly weathered
soil (Casagrande et al., 2003). With this, adsorption intensity can
be reduced, especially in phosphate sources of P with associated
technology, which alter the nutrient release kinetics, as well as UPS,
improving the availability of N and P for plants and improving the
use of nutrients add-ed via fertilization.

Regarding productivity data (Figure 4), it is observed that
the greater efficiency of fertilizers with associated technology,
MAPPOL and MAPTE can be attributed to the polymer coating
of the granules or to the organic additive, which prevents direct
contact of the P with soil colloids, reducing the intensity of P
adsorption (Erro et al., 2012; Figueiredo et al.,, 2012), and thus, may
have increased the availability of P for the coffee plant.

The results found corroborate those obtained by Peld et al.
(2019) for corn and soybean crops. The authors observed that
monoammonium phosphate coated with polymers compared
to uncoated monoammonium phosphate provided an increase
of 30.2% (11,367kg ha~!) and 21.1% (3,595kg ha=!) in crop
productivity of corn and soybeans, respectively.

Evaluating corn grain productivity in response to phosphate
fertilizer, Grohskopf et al. (2019) also found an increase in
productivity with the application of phosphate fertilizer with
associated technology. The authors observed that monoammonium
phosphate mixed with poultry litter provided greater corn
productivity in the 3 years of cultivation, presenting an agronomic
efficiency 20% higher than that of conventional fertilizer.

These results demonstrated that the intensity of P adsorption
intensified by using MAP tends to be greater because it is a highly
soluble source. MAP releases P more quickly into the soil solution
and in less favorable conditions, such as the absence of organic
matter in the P release region, which the increased contact time
with Fe and Al oxides tends to reduce the most available forms
of P (Wadt and Silva, 2011). All these together promote greater
losses of P to less labile compartments, reducing the productivity
and sustainability of coffee production.

5 Conclusions

Phosphate fertilizers with associated technology influenced the
availability of P in the soil in the labile, moderately labile and
restricted lability fractions. These results demonstrate the feasibility
of using technologies associated with soluble phosphate fertilizers
in field crops, increasing the availability of P for successive crops or
perennial crops.

The main effect of fertilizers with associated technology
occurred on the labile fraction of the soil, which indicates greater
productive potential for short-cycle and perennial crops over time.

These results indicate that the use of phosphate sources with
technology has the potential to improve the efficiency of fertilizer
use, maintaining higher P levels in forms that are more available in
the soil and promoting the sustainability of coffee production.

Phosphate fertilizers with associated technology were efficient
in increasing coffee productivity when compared to conventional
monoammonium phosphate.
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