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A B S T R A C T

The increasing the efficiency of phosphate and micronutrient fertilization in tropical soils should be better
studied to close crop yield gaps. The aim of this study was to evaluate the effect of a soluble P source with or
without humic acids (HA) and micronutrients (M) on P-availability and maize and soybean yield in Minas Gerais
State, Brazil. The crops were grown under a rainfed and no-till cropping system, with maize grown in the 2016/
2017 rainy summer season, wheat grown as a cover crop in the 2017 winter season, and soybean grown in the
2017/2018 crop year. The field trial was organized in a 4 × 2 factorial arrangement [4 sources of P in combi-
nation with 2 forms of M supply]. The coated monoammonium phosphate (MAP) P source was supplied in three
ways: 1) MAP, 2) MAP + HA, and 3) MAP + HA + M (B, Cu, Mn, and Zn), plus a control for P (no P). The
micronutrient supply was 1) Mn + Zn + Cu + B (MZCB) and 2) control for MZCB (no M supply). Coating MAP
with HA increased soil P availability but did not increase P content within the soybean leaves. The multivariate
approach also showed that soybean yield can increase in response to coating MAP with HA. The study showed
that MAP + HA increased soil P content. However, this increase was diminished when micronutrients were
included in the same granule (MAP + HA + M). However, P sources raised P in soybean leaves equally compared
to control for P. Soybean yield was unaffected by the P source, likely due to adequate leaf P concentrations across
all treatments. However, soybean yield generally increased with micronutrient supply. For maize, yields were
unaffected by supplying micronutrients with the P source. Conversely, maize yields typically decreased with
micronutrient supply, except when using the MAP + HA + M combination granule.

1. Introduction

Over the past five decades, food production in Brazil has increased by
700 %, largely due to the expansion of planted area and significant
improvements in crop yield [1]. These advancements have been driven
by the adoption of new technologies, particularly in plant breeding and
soil fertility management. However, Brazil remains a major importer of
fertilizers, relying on imports for 80 % of its fertilizer needs [2].

Enhancing fertilizer use efficiency in Brazil is a significant challenge,
primarily because the great majority of tropical soils are naturally
acidic, contain high levels of aluminum, and have low fertility, including
low phosphorus (P) and micronutrient content [3,4]. In these highly
weathered soils, P use efficiency is low due to P adsorption onto the
surfaces of iron and aluminum (hydr)oxide colloids [5–9]. In addition,

the presence of Fe2+ and Al3+ ions in the soil solution under acidic
conditions promotes the formation of iron and aluminum phosphates,
further reducing P availability to plants [3,10–12].

In recent years, new technologies have been developed to enhance
the effectiveness of P fertilizers, such as using humic acids (HA) to coat
soluble P sources. The goal of coating P with HA is to reduce the
adsorption of orthophosphate by soil iron and aluminum (hydr)oxides
[4,9,13–16] because most of the P applied to acidic tropical soils with
high iron and aluminum oxide content ends up being adsorbed to soil
colloids and is not available to crops. Recent studies have shown
increased P uptake by plants grown with HA–enhanced phosphate fer-
tilizer [17,18]. However, few studies have been conducted to confirm
the effectiveness of this practice in field conditions with tropical soils in
particular.
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It has been suggested that HA can form complexes with P and metal
cations, which can promote gradual solubilization of P and improve the
efficiency of phosphate fertilization [10,16,19,20]. In addition, HA may
also form complexes with micronutrients, such as zinc (Zn), which can
decrease both the adsorption and precipitation of Zn and improve Zn
availability to plants [21]. It has also been suggested that HA can
improve crop growth and nutrient uptake [22–25] because it can stim-
ulate plants through direct contact with the cell, thus increasing the
activity of H+-ATPase of the plasmatic membrane and stimulating
high-affinity transporters in roots, a process that can improve plant P
uptake [26,27].

Currently, many NPK solid fertilizer formulations include micro-
nutrients in their composition to facilitate uptake of these nutrients,
which are required in small amounts. However, some research indicates
that the effectiveness of soil-applied micronutrients, particularly Cu and
Mn, may be compromised due to their interaction with soil organic
matter (OM) [28,29]. As a result, micronutrients are also supplied via
foliar application, which has been shown to be as efficient as soil
application [30]. Despite ongoing controversy about the need for foliar
applications without symptoms of deficiency in leaves [31] and many
questions regarding the efficiency of micronutrient application methods
(through leaves or the soil), most grain producers in tropical environ-
ments apply micronutrients two or more times per crop cycle without
assessing actual needs.

The significant innovation of this study was field comparison of the
efficiency of conventional soluble P, P coated with HA, and application
of the P source coated with HA + micronutrients in the same granule.
Therefore, the objective of the study was to evaluate the efficiency of
one of the main conventional sources of P (monoammonium phosphate -
MAP) and MAP coated with HA in supplying P, and the effects of these
treatments on soybean and maize yield, as well as to compare the effi-
ciency of micronutrients supplied via soil (along with P + HA) to foliar
application. The hypothesis of this study is that the availability of P and
micronutrients to plants increases with their application in NPK + HA
formulations and that micronutrients applied via foliar increase the
yield of soybean and maize in tropical environments.

2. Materials and methods

2.1. Description of the experimental area

The study was carried out at the Muquém Farm, in the municipality/
county of Ijaci, Minas Gerais, Brazil (Fig. 1). The altitude of the exper-
iment site is 918 m above sea level. The local climate is classified as
subtropical, with a rainy summer and dry winter (Cwa), based on
Köppen’s classification [32], with mean annual rainfall of 1529.7 mm
and main annual temperature of 19.5 ◦C. The average temperatures and
rainfall observed throughout the experimental period are shown in
Fig. 2.

The soil at the experiment site was classified as a Latossolo Vermelho
Amarelo in the Brazilian Soil Classification System [33] and as a Typic
Hapludox (Oxisol) in U.S. Soil Taxonomy [34]. Soil characterization
before implementation of the experiment is described in Silva [35]. Soil
samples were taken, air-dried at room temperature, broken up, and
sieved (<2 mm). The soil characteristics are shown in Table 1.

The experimental area has been part of a plant breeding research
field for over twenty years, and a continuous no-till system has been
used for 20 years. In the first ten years of cultivation, the cropping
system consisted of maize (Zea mays L) in the summer season (October to
February) and common bean (Phaseolus vulgaris L) in the winter season
(February to May).In the last ten years before this assessment, the
cropping system consisted of soybean (Glycine max L) in rotation with
maize in the summer season and common bean in the winter season.

2.2. Experimental design

The field trial was carried out in a completely randomized block
design, in a 4 × 2 factorial arrangement (three sources of P + control
without P in combination with two forms of micronutrient (M) supply:
with and without), for a total of eight treatments, with four replications
(32 plots). Each plot was 28.8 m2 (6× 4.8 m). P application was in three
forms for the coated granulated fertilizer monoammonium phosphate
(MAP) and control for P – no P application. The sources of P were 1)
MAP alone; 2) MAP + humic acid (HA); 3) MAP + HA + M (micro-
nutrients B, Cu, Mn, and Zn), and 4). Coating the MAP granules with HA
has a patent number: 10–519072/B2 Produquímica Indústria e
Comércio S.A.

The dose of P applied as MAPwas 35 kg/ha for soybean and 52 kg/ha

Fig. 1. Details of the location where experiment was located.
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for maize. In the MAP + HA + M treatment, we applied 0.45 kg/ha B,
0.45 kg/ha Cu, 1.35 kg/ha Mn, and 1.35 kg/ha Zn for the maize crop. In
this same treatment (MAP + HA + M) for soybean, we applied 0.30 kg/
ha B, 0.30 kg/ha Cu, 0.90 kg/ha Mn, and 0.90 kg/ha Zn. The 2 forms of
micronutrient supply were 1) Mn + Zn + Cu + B (MZCB) and 2) control
for MZCB – no application of micronutrients. The sources of micro-
nutrients were ulexite for B and EDTA (liquid fertilizer) for Cu, Mn, and
Zn. The micronutrient application rates calculated for each nutrient in
each crop (in g/ha) were as follows: Cu (19 for maize and 10 for soy-
bean), Mn (47 for maize and 30 for soybean), and Zn (165 for maize and
40 for soybean), exported considering 10,000 kg/ha of maize and 4000
kg/ha of soybean grain, according to Raij [36] and Resende et al. [37].
TheMZCB treatment also included 2 kg/ha of B in the soil for both crops,
using ulexite as a source. Details of the treatments are shown in Table 2.

All plots were fertilized with 190 and 20 kg/ha of nitrogen (N), 125
and 125 kg/ha of potassium (K), and 54 and 38 kg/ha of sulfur (S) for
maize and soybean, respectively. These doses were calculated based on
local recommendations for each specific crop [37,38].

The crops grown were maize in the 2016/17 summer season, fol-
lowed by wheat in the 2017 winter season, and soybean in the 2017/18
summer season, using the cultivars KWS 9004, BRS 264, and M6410
IPRO, respectively. The maize (Oct. 2016 to Feb. 2017) and soybean
(Nov. 2017 to Mar. 2018) crops were grown under a rainfed no-till
system. Both were sown manually with a spacing of 0.6 m between
rows. The wheat, used as a cover crop, was broadcast sown in April
2017. For wheat, 100 kg/ha N and 83 kg/ha K were applied in the soil.

2.3. Sowing and conducting the experiment

For sowing both soybean and maize, first, furrows were opened and

then seeds were added to the furrows following each treatment, as
previously described (Table 2). After harvesting, the crop residue
remained on the soil surface. The soybean sowing furrows were created
at the same initial positions as the furrows used for planting maize. P
fertilizers were placed in the sowing furrows at a depth of 10 cm. Sub-
sequently, a 7-cm layer of soil was placed within the furrow before
sowing to prevent direct contact between the fertilizer and the seeds.

The crop seeds were sown in the soil (in the furrow) at a 3-cm depth
for maize and soybean. Soybean seeds received in-furrow inoculation
using a liquid inoculant (Rhizomax®) with Bradyrhizobium japonicum
SEMIA 5079 and B. diazoefficiens SEMIA 5080 strains at a bacterial
concentration of 2.0 × 109 CFU/ml.

Foliar fertilizers were sprayed on maize when maize plants were at
the V4 and V5 stages (fourth and fifth leaves fully expanded). On soy-
bean, foliar fertilizers were sprayed four times, every seven days,
starting when soybean plants were at the V4 stage (fourth visible node)
to avoid phytotoxicity. Soybean received cobalt (Co) and molybdenum
(Mo), which were applied through 96 ml/ha of the nutritional com-
pound Quimifol CoMo Plus®, composed of 11.6 g/l of Co and 69.6 g/l of
Mo as chelated cobalt sulfate and sodium molybdate.

Maize received N in the form of urea divided into two applications:
114 kg/ha of the recommended amount 15 days after sowing, and the
remaining amount (76 kg/ha) 28 days after sowing. In both applica-
tions, urea was applied next to the plant row, without incorporation into
the soil.

During the two cropping years, assessments were made regarding the
presence of weeds, pests, and diseases in the crops and, when necessary,
management measures were implemented, involving the application of
appropriate herbicides, fungicides, and insecticides at the rates recom-
mended for each crop. The plant population was 75,000 plants/ha for

Fig. 2. Average temperatures and rainfall during the period of the two stages of the experiments in the 2016/2017 and 2017/2018 cropping years.

Table 1
Chemical and physical properties of the Typic Hapludox (0–0.2 m).

pHa SOMb Kc Pc Cad Mgd Ald H + Ale CECf Znc Fec Mnc Cuc Bg Sh Sandi Silti Clayi

% — mg dm− 3 – ——————— cmolc dm− 3———————— —————————————— mg dm− 3 —————————— ——— g kg− 1 ———
5.7 3.0 112.4 6.0 3.3 0.8 0 2.7 7.1 4.9 55.2 9.7 0.5 0.3 9.9 28.7 3.1 68.2

a pH - pH in water (1:2.5 soil/solution).
b SOM - soil organic matter (Na2Cr2O7 4 mol L− 1 + H2SO4 5 mol L− 1) by Silva (2009).
c P, K, Fe, Zn, Mn and Cu - extracted by the Mehlich-1 (Mehlich, 1953).
d Ca, Mg e Al (KCl 1.0 mol L− 1).
e (H + Al) - potential acidity (SMP).
f CEC - cation exchange capacity at pH 7.0.
g B - extracted with hot water method.
h S - extracted as sulfate and the result was converted to S.
i Sand, silt and clay (Bouyoucos, modified by Carvalho (1985).
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maize and 180,000 for soybean.

2.4. Evaluated variables

Soil samples were collected in the 0–20 cm layer after the soybean
season. Two soil samples were taken from the plant rows, while four
additional samples were collected from between the rows. These six
samples were subsequently combined to create a composite sample for
each individual plot. The samples were dried naturally at ambient
temperature and then broken up, homogenized, and sieved through a 2
mm mesh to obtain fine earth for analysis in an air-dried state.

Soil phosphorus was extracted using the Resin method (ion exchange
resin) [39]. The extractant resin used simulates the response of the plant
root system in taking up nutrients from the soil [39]. The micronutrients
Zn, Cu, and Mn in the soil were extracted using Mehlich-1 as the
extractant [40]. B in the soil was extracted by the hot water method
[41]. After each method, the nutrient concentrations were determined
by ICP-OES (Inductively Coupled Plasma Optical Emission Spectrom-
etry) (PerkinElmer®, Optima 8300 model, Waltham, USA).

Leaf samples were obtained for nutritional assessment of soybean
during its flowering phase. Thirty-five (35) leaves were collected from
each plot. The third fully developed trefoil, excluding the petiole, was
collected from the tip of the branch. Leaves were dried in a forced-air
oven at 65 ◦C until constant weight. Phosphorus and micronutrient
levels were determined according to Malavolta et al. [42]. Crop yield
was determined by harvesting the ears or pods within the area of each
plot used for data analysis (21.6 m2) for maize and soybean.

2.5. Statistical analysis

All statistical analyses were performed in the R environment, version
4.1.2 [43]. An analysis of variance (ANOVA) was carried out and tested
for significance (P < 0.05). Statistically significant distinctions among
the treatments were evaluated through the Scott-Knott means compar-
ison test (P < 0.05) with the easyanova v7.0.4 package [44]. Principal
component analysis was performed to show the importance of the forms
of P application on nutritional status and yield for soybean using the
factoMineR v2.4 [45], factoextra v.1.0.7 [46], and vegan v2.5.6 [47]
packages.

3. Results

3.1. Phosphorus content in the soil and in soybean leaves

The different forms of P application (MAP, MAP + HA, MAP + HA +

M) and micronutrient supply (MZCB) combinations significantly
affected the concentrations of soil P extracted after soybean harvest.
However, the response depended on the interaction between the form of
P application and the micronutrient supply (Fig. 3a). Plots that received
MAP coated with HA exhibited an increase in soil P content compared to
the uncoated MAP. When micronutrients (MZCB) were supplied, the
plots that received MAP + AH had higher P content than those without
micronutrients supplied (control for MZCB). The MAP coated with HA
and micronutrients (MAP + HA + M) provided less addition of P to the
soil, while the association of MZCB with the MAP + HA + M treatment
increased P in the soil.

There was no significant interaction between MZCB and the forms of
P application regarding P concentration in soybean leaves (Table 3). P
sources significantly increased the concentration of P in soybean leaves
compared to the control treatment, without P. While soybean leaves
grown without P presented 3.6 g/kg, plants fertilized with MAP, MAP +

HA and MAP + HA + M presented 4.1, 4.3, 4.1 g/kg, respectively
(Fig. 3b).

3.2. Micronutrient content in soybean leaves

A significant interaction was observed between forms of P applica-
tion and micronutrient supply concerning Zn and B concentrations in
soybean leaves (Table 3). Considering P application without addition of
micronutrients (MZCB), the Zn concentration was higher in the control
for P. When the plants were fertilized with MAP and MAP+HA+M and
with foliar micronutrient application + boron via soil (MZCB), they
showed the highest concentrations of Zn in soybean leaves (Table 3). For
B, leaf concentration was lower when MAP and MAP + HA were used
without micronutrient supplementation (control for MZCB). However,
the combination of MAP and MAP + HA with MZCB increased B con-
centrations in soybean leaves by 11 and 12 mg/kg, respectively
(Table 3).

The Cu andMn concentrations in soybean leaves varied only with the
forms of P application or micronutrient applications (MZCB), in the case
of Mn. The plants that received MAP + HA + M had lower Cu concen-
trations compared to other forms of P application. In the case of Mn,
higher leaf concentrations of the nutrient were found in treatments in
which the plants were fertilized with MAP or MAP + HA + M (Table 3).
Regardless of the forms of P application, plants that received foliar Mn
(MZCB) showed higher foliar Mn concentrations compared to the con-
trol without foliar micronutrient application.

3.3. Crop yield

The interaction between forms of P application and micronutrient
supply was not significant for soybean yield (Fig. 4a). However, plants
supplied with micronutrients (MZCB) showed higher yield (3386 kg/
ha), i.e., around 11 % higher than those without MZCB application. In

Table 2
Description of the treatments used in the experiments.

P source Micronutrients P B Cu Mn Zn

kg/ha

Maize

Control for
P

Control for
MZCB

0 0 0 0 0

MZCB 0 2 0.019 0.047 0.165
MAP Control for

MZCB
52 0 0 0 0

MZCB 52 2 0.019 0.047 0.165
MAP + HA Control for

MZCB
52 0 0 0 0

MZCB 52 2 0.019 0.047 0.165
MAP + HA
+ M

Control for
MZCB

52 0.45 0.45 1.35 1.35

MZCB 52 0.45
+ 2

0.45 +

0.19
1.35 +

0.47
1.35 +

0.165

Soybean

Control for
P

Control for
MZCB

0 0 0 0 0

MZCB 0 2 0.01 0.03 0.04
MAPa Control for

MZCB
35 0 0 0 0

MZCB 35 2 0.01 0.03 0.04
MAP +

HAb
Control for
MZCB

35 0 0 0 0

MZCB 35 2 0.01 0.03 0.04
MAP + HA
+ Mc

Control for
MZCB

35 0.3 0.3 0.9 0.9

MZCBd 35 0.3 +

2
0.3 +

0.01
0.9 +

0.03
0.9 +

0.04

a MAP - monoammonium phosphate.
b MAP + HA - humic acid coated monoammonium phosphate.
c MAP+HA+M − monoammonium phosphate coated with humic, B, Mn, Zn

and Cu.
d MZCB - Mn, Zn, Cu and B supply (B applied via soil B and Mn, Zn and Cu

applied via foliar).
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the case of maize yield, there was an interactive effect between forms of
P application and micronutrient supply (Fig. 4b). Plants fertilized with
MAP + HA and without MZCB application showed higher maize yield,
but there was no significant difference in relation to any other P treat-
ments, as well as the control for P. In plants fertilized with the different
forms of P application associated with MZCB, the highest maize yield
occurred with the application of MAP + HA + M, i.e., an increase of
1949 kg/ha in grain yield (16 %) compared to the MAP treatment. These
results indicate that coating MAP + HA + M could serve as a viable
alternative in supplying these nutrients to maize.

3.4. Principal component analysis

Principal component analysis (PCA) revealed that two principal
components collectively explain 40.5 % of the total data variance

(Fig. 5). The variables with the lowest importance in PCA are those that
contribute the least to the variance in the data. These variables tend to
have small loadings on the principal components and may not be critical
in explaining the results (e.g., Cu content in soil: Cu soil). The opposite is
true for variables with high loadings. Proximity between variables
demonstrates a covariance between these variables in the data set under
study. Soybean yield had a greater association with P and B content in
the soil and P content in leaves, and these variables were favored by
MAP + HA + M + MZCB; and MAP + HA + MCZB and MAP + MCZB
clustered and were negatively related to Cu availability in the soil and
the treatments Control for P + Control for MCZB and Control for P +

MZCB.

4. Discussion

4.1. Phosphorus content in the soil

When MAP + HA was applied, there was an increase in the P content
of the soil compared to the application of MAP without coating (Fig. 2),
as had also been observed in other studies [15,16,20,48]. Thus, the re-
sults suggest that the HA present in the coated MAP decreased P
adsorption on soil colloids and increased the P content in the soil solu-
tion. One of the main mechanisms described in the literature to explain
the reduction in P adsorption is that carboxylic (R–COOH) groups pre-
sent in humic substances [27,49–52] compete for the same P adsorption
sites (H2PO4

− and HPO4
2− ) on the surfaces of Fe and Al oxides. This re-

duces the maximum adsorption capacity of the soil, the colloidal surface
binding energy, and maximum P buffering [13]. It has also been re-
ported that HA decreases phosphate binding to soil colloids by creating a
repulsive negative electrostatic field, attributed to its high charge den-
sity within the pH range commonly found in cultivated soils [53].
Furthermore, due to its high molecular weight, HA can establish a
physical shield on mineral surfaces [54–56], decreasing the specific
surface area of the oxides present in the soil and, consequently, P
adsorption capacity of soil [54,55].

The plots that received the application of MAP + HA + M had lower
P content than the plots that received only MAP + HA, indicating that
micronutrients supplied in the same P granule (MAP + HA + M) can
contribute to reducing P content in the soil (Fig. 3a). However, the effect
of HA on P availability and the response of plants depends on the
interaction with other elements, mainly cationic nutrients in the soil
[57,58]. The reduction in soil P content may have occurred due to the
interaction of P+ micronutrients, with the formation of P-metal-HA
complexes [10,19,59]. However, the reduction was not important in

Fig. 3. P content in soil (a) and soybean leaf (b) as a function of P sources: MAP (monoammonium phosphate), MAP + HA (MAP coated with humic acid), MAP +

HA + M (B, Mn, Zn, and Cu) and forms of micronutrient supply (B, Mn, Zn, and Cu - MZCB). The averages followed by the same capital letter for source of P and the
same lowercase letter for micronutrients do not differ statistically by the Scott-Knott test (*P < 0.05). Vertical lines represent mean standard deviation.

Table 3
Average content (± mean standard deviation) of Mn, Zn, Cu and B in leaves for
soybean after cultivation in Typic Hapludox with MAP (monoammonium
phosphate), MAP + HA (MAP coated by humic acid MAP), MAP + HA + M (B,
Mn, Zn and Cu) and forms of micronutrient supply (B, Mn, Zn, and Cu - MZCB).
The averages followed by the same capital letter for source of P and the same
lowercase letter for micronutrients do not differ statistically by the Scott-Knott
test.

P source Micronutrients Mn Zn Cu B

mg kg− 1

Control for
P

Control for
MZCB

24.3 ±

3.4 Bb
52.8 ±

1.9 Aa
9.5 ±

0.4 A
82.0 ±

3.0 Aa
MZCB 27.7 ±

1.5 Ba
43.3 ±

3.8 Bb
8.5 ±

0.5 A
82.0 ±

5.5 Aa
MAP Control for

MZCB
29.6 ±

5.8 Ab
38.3 ±

1.8 Bb
8.2 ±

0.3 A
68.7 ±

3.1 Bb
MZCB 36.9 ±

2.9 Aa
52.0 ±

2.8 Aa
9.3 ±

1.9 A
79.7 ±

2.0 Aa
MAP + HA Control for

MZCB
25.7 ±

3.0 Bb
43.9 ±

2.7 Ba
10.2 ±

1.4 A
70.2 ±

5.0 Bb
MZCB 30.2 ±

2.3 Ba
43.5 ±

2.8 Ba
9.5 ±

0.9 A
82.1 ±

0.5 Aa
MAP + HA
+ M

Control for
MZCB

32.0 ±

3.8 Ab
43.4 ±

6.8 Bb
6.1 ±

1.9 B
80.8 ±

2.3 Aa
MZCB 31.8 ±

5.2 Aa
50.0 ±

1.8 Aa
7.3 ±

1.0 B
82.1 ±

5.0 Aa

P source a a a a

Micronutrients a a ns a

P source × Micronutrients ns a ns a

a P < 0.05.
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practical terms, as both plots remained with high P content in accor-
dance with regional standards [38].

When there was no P supply or when MAP or MAP + HA + M were
applied together with the micronutrient supply (MZCB), there was an
increase in P content in the soil (Fig. 3) possibly due to the effect of
micronutrients on the growth and development of plant roots and
shoots. With greater root growth, there is an increase in the release of
root exudates and the formation of P complexes in the soil, increasing P
availability [57,60,61].

4.2. Crop yield and nutrients in soybean

The increase in P content in the soils that received MAP coated with
HA corroborates previous studies [62]. However, the P concentration in
soybean leaves did not increase in plants receiving MAP covered with
HA compared to MAP alone (Fig. 3) as expected. The use of HA can
improve plant P uptake [21] through direct and indirect effects. HA can
interact directly with plant cells, acting as a plant biostimulant,
improving the H+-ATPase of the plasmatic membrane, stimulating

high-affinity transporters in roots, and when used, improving P uptake
by plants [26,27,51]. Furthermore, HA affects several physiological
aspects in plants, including gene expression [63], organelle presence
[22], primary metabolism [64], secondary metabolism [65], growth and
development [64], flower, fruit, and seed formation [66], and in-
teractions with biotic factors such as microbes, which may contribute to
enhanced yield [67]. Possibly, the P concentration in soybean leaves was
not modified by different forms of P application because the P content in
the soil was not a limiting factor for soybean and maize growth ac-
cording to regional standards [38]. Therefore, P concentrations in the
leaves were above the critical level for soybean, i.e., above 2.8 g/kg [36,
68]. Thus, future studies to evaluate the efficiency of HA-coated fertil-
izers should consider soils with different P availability.

Although the application of micronutrients + phosphate fertilizer
(MAP + HA + M) did not increase micronutrient concentrations in
soybean leaves in the present study (Fig. 3b), there is a practical
advantage in providing micronutrients within an NPK granulated
mixture. This application method results in greater uniformity in
micronutrient distribution. As micronutrients are supplied in smaller

Fig. 4. Maize (a) and soybean (b) yields as a function of P sources: MAP (monoammonium phosphate), MAP + HA (MAP coated with humic acid), MAP + HA + M
(B, Mn, Zn, and Cu) and forms of micronutrient supply (B, Mn, Zn, and Cu - MZCB). The averages followed by the same capital letter for source of P and the same
lowercase letter for micronutrients do not differ statistically by the Scott-Knott test (*P < 0.05). Vertical lines represent mean standard deviation.

Fig. 5. Principal Component Analysis for yield, P, Zn, Cu, B and Mn in soil and leaves of soybean after cultivation in Typic Hapludox fertilized with: MAP (mon-
oammonium phosphate), MAP + HA (MAP coated with humic acid), MAP + HA + M (MAP coated with humic acid, B, Mn, Zn and Cu) and Mn, Zn, Cu and B
supply (MZCB).
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quantities to crops than macronutrients are, better distribution avoids
potential phytotoxicity issues [69]. Additionally, such mixtures in the
fertilizer granule reduces costs, since both NPK and micronutrients are
applied in a single operation.

In our study, regardless of the treatments, the Zn and Mn concen-
trations in soybean leaves were within the appropriate range for the crop
(Table 3), in accordance with regional standards [36], which may be
because the levels of these nutrients were initially high in the soil
(Table 1), according to Sousa et al. [38]. However, the Cu and B content
were initially low in the soil (Table 1), according to Sousa et al. [38]. The
Cu concentrations in soybean leaves were below the appropriate range
for the crop, and the B concentrations were well above the range
considered ideal for the development of the crop [36], regardless of the
treatments.

In a field where P content is already considered sufficient, as in our
study, the addition of fertilizers can increase the nutrient content in the
soil, as observed (Fig. 3a), but without necessarily increasing nutrient
concentrations in leaves (Fig. 3b) or even crop yield, as observed for
soybean (Fig. 4) [70,71]. However, it has been common for more
nutrient-demanding crops, such as maize, to show responses in grain
yields, as observed in this study and by Lacerda et al. [70], even in
production fields where P content is considered adequate, according to
regional standards [38].

Maize yields were also not modified by the forms of P application
when there was no micronutrient supplement (MZCB). However, when
micronutrients were applied, maize yields generally decreased, except
when MAP+HA+Mwas applied in the same granule. It is possible that
maize yields were reduced by excess micronutrients, especially B, whose
toxicity/deficiency range is very narrow [72]. Although no visual
symptoms of B toxicity or deficiency were seen, we applied 2,45 kg/ha
of B, considering 2 kg/ha for maize and 0.45 kg/ha from MZCB treat-
ment. (MZCB treatment). This amount is twice as high as the 2 kg/ha
normally recommended for soil amendment [38].

5. Conclusion

Coating monoammonium phosphate (MAP) with humic acid (HA)
increased the phosphorus content in the soil, which decreased when
micronutrients were supplied in the same granule (MAP + AH + M).
However, all the treatments increased P concentration in soybean
leaves, without distinction among the forms of P application.

The forms of P application did not affect soybean yield, possibly
because leaf concentrations were within the range considered adequate,
whether P was supplied or not. However, soybean yield was normally
higher when there was a micronutrient supply (MZCB). Maize yields
were also not modified by the sources of P when there was no micro-
nutrient supplement. However, when micronutrients (MCZB) were
applied, maize yields generally decreased, except when the MAP + HA
+ M was applied in the same granule.
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S. Francisco, R. Baigorri, F. Cruz, F. Houdusse, J.-M. Garcia-Mina, J.-C. Yvin,
P. Etienne, Microarray analysis of humic acid effects on Brassica napus growth:
involvement of N, C and S metabolisms, Plant Soil 359 (2012) 297–319, https://
doi.org/10.1007/s11104-012-1191-x.

[23] A.D. Igalavithana, S. Mandal, N.K. Niazi, M. Vithanage, S.J. Parikh, F.N.
D. Mukome, M. Rizwan, P. Oleszczuk, M. Al-Wabel, N. Bolan, D.C.W. Tsang, K.-
H. Kim, Y.S. Ok, Advances and future directions of biochar characterization
methods and applications, Crit. Rev. Environ. Sci. Technol. 47 (2017) 2275–2330,
https://doi.org/10.1080/10643389.2017.1421844.

[24] S.D. Rosa, C.A. Silva, H.J.G.M. Maluf, Wheat nutrition and growth as affected by
humic acid-phosphate interaction, J. Plant Nutr. Soil Sci. 181 (2018) 870–877,
https://doi.org/10.1002/jpln.201700532.

[25] S.D. Rosa, C.A. Silva, H.J.G.M. Maluf, Phosphorus availability and soybean growth
in contrasting Oxisols in response to humic acid concentrations combined with
phosphate sources, Arch. Agron Soil Sci. 66 (2020) 220–235, https://doi.org/
10.1080/03650340.2019.1608527.

[26] K. Jindo, T.S. Soares, L.E.P. Peres, I.G. Azevedo, N.O. Aguiar, P. Mazzei,
R. Spaccini, A. Piccolo, F.L. Olivares, L.P. Canellas, Phosphorus speciation and
high-affinity transporters are influenced by humic substances, J. Plant Nutr. Soil
Sci. 179 (2016) 206–214, https://doi.org/10.1002/jpln.201500228.

[27] S. Nardi, M. Schiavon, O. Francioso, Chemical structure and biological activity of
humic substances define their role as plant growth promoters, Molecules 26 (2021)
2256, https://doi.org/10.3390/molecules26082256.

[28] J.M. Motschenbacher, K.R. Brye, M.M. Anders, E.E. Gbur, Long-term rice rotation,
tillage, and fertility effects on near-surface chemical properties in a silt-loam soil,
Nutrient Cycl. Agroecosyst. 100 (2014) 77–94, https://doi.org/10.1007/s10705-
014-9628-7.

[29] S.G. Moreira, L.I. Prochnow, V. Pauletti, B.M. Silva, J.D.C. Kiehl, C.G.M. Silva,
Effect of liming on micronutrient availability to soybean grown in soil under
different lengths of time under no tillage, Acta Sci. Agron. 39 (2017) 89, https://
doi.org/10.4025/actasciagron.v39i1.30691.

[30] M.A. Nadim, I.U. Awan, M.S. Baloch, E.A. Khan, K. Naveed, M.A. Khan, Response
of Wheat (Triticum aestivum L.) to Different Micronutrients and Their Application
Methods, 2012.

[31] E.G. Matcham, R.A. Vann, L.E. Lindsey, J.M. Gaska, D.T. Lilley, W.J. Ross, D.
L. Wright, C. Knott, C.D. Lee, D. Moseley, M. Singh, S. Naeve, J.T. Irby,
W. Wiebold, H. Kandel, J. Lofton, M. Inman, J. Kleinjan, D.L. Holshouser, S.
P. Conley, Foliar fertilizers rarely increase yield in United States soybean, Agron. J.
113 (2021) 5246–5253, https://doi.org/10.1002/agj2.20889.

[32] C.A. Alvares, J.L. Stape, P.C. Sentelhas, J.L. de M. Gonçalves, G. Sparovek, others,
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