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Abstract: The soil solution is the compartment where plants uptake nutrients and this phase is in equi-
librium with the soil solid phase. Changes in nutrient content and availability in the soil solution can
vary among soil types in response to humic acid concentrations, thereby affecting Brachiaria growth.
However, there are no studies demonstrating these effects of humic acid application on different soil
types and how they affect Brachiaria growth. Thus, the aim of this study was to evaluate the effects
of humic acid concentrations (0, 5, 10, 25, and 60 mg l<g*1 carbon-humic acid) on Brachiaria brizantha
growth and soil solution properties of contrasting tropical soils. Plants were grown for 35 days in
greenhouse conditions in pots containing Sandy Entisol, Clayey (Red Oxisol), and Medium Texture
(Red-Yellow Oxisol). Soil solution was assessed for pH, electrical conductivity (EC), carbon, and
nutrient content. Shoot and root dry matter, as well as macro and micronutrients accumulation in the
shoot, were determined. In a soil type-dependent effect, pH, EC, and concentrations of nutrients in
solutions changed in response to carbon-humic acid concentration. In the less-buffered soils, Sandy
Entisol and Red-Yellow Oxisol, the addition of 3040 mg kg~! carbon-humic acid increased root pro-
liferation by 76-89%, while Brachiaria biomass produced in all soils increased by approximately 30%.
Levels of carbon in solution were high (>580 mg L~1) and varied depending on the investigated soil
type. Though solution carbon contents did not appear to be a driving factor controlling the positive
effects of humic acid concentrations on Brachiaria dry matter, there was a direct relationship between
other properties and nutrient content in the soil solution, and Brachiaria dry matter production.

Keywords: tropical grass fertilization; highly weathered soils; electrical conductivity; nutrient
availability; water-soluble carbon

1. Introduction

Brazil boasts one of the largest commercial cattle herds globally, estimated to comprise
188 million animals nationally [1]. In 2020, Brazil produced 10.3 million tons of TCE (Ton
of carcass equivalent), with 26% of it marketed in over 120 countries, encompassing fresh
beef, offal, processed, casings, and salted meat exports [1]. Within the Brazilian grazing
area, which accounts for approximately 84% of beef production [1], approximately 47%
of grazing systems experience various soil degradation processes, including erosion, soil
fertility depletion, compaction, and water scarcity [2]. Brachiaria spp. species dominate
Brazilian pasture areas, covering approximately 99 million hectares, with Brachiaria brizantha
cultivated across approximately 50 million hectares, making it the largest monoculture in
planted areas worldwide [2].

Recovery of pastureland in Brazil is currently focused on reducing fertilizer rate,
enhancing the yield and nutritional value of forage crops, alongside improving the effi-
ciency of fertilizer use and the sustainability of grazing systems [2—4]. The use of humic
acid is one strategy aimed at improving fertilizer use efficiency, forage production and
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quality [4-7]. Worldwide, studies investigating the effects of humic acid application on
grasses are limited, particularly those concerning Brachiaria spp. grown in tropical soils.
Increases in shoot and root dry matter production of Brachiaria treated with foliar spray
of humic acid were reported by Pinheiro et al. [4] and Neves et al. [7]. In Brazil, within a
Brachiaria decumbens pasture area, the use of 60 mg L~! carbon-humic acid in foliar spray
resulted in a 44% increase in plant height and a 200% increase in forage biomass, although
the successive use of humic acid hindered Brachiaria growth [4]. However, in a 15-year-old
Brachiaria brizantha pasture area fertilized with both nitrogen (N) and humic substances via
foliar sprays, forage yield and digestibility were improved with 200 kg ha~! N, while humic
substances reduced the grass leaf/stem ratio and also impacted positively the Brachiaria
growth and nutritional value [7].

Humic acid has direct effects on plant organs and tissues, while also indirectly altering
soil properties and nutrient availability [8-10].The direct effects of humic substances are at-
tributed to the action of humic acid molecules on plant cells [8,11], stimulating various plant
metabolic processes and enhancing nutrient uptake [9,11-14]. In the soil, depending on the
rate, humic acid modifies pH, acidity levels, water retention capacity, and the content of
complexed nutrients, thereby improving nutrient availability and plant uptake [10,15-19].
The application of humic acid can block anion adsorption sites such as phosphorus (P),
increasing its availability in the soil. Further, humic acid promotes the complexation with
cations, mainly iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn), and can enhance
their transport to the roots [20-22]. These processes together facilitate plant uptake. How-
ever, little is known about the effect of humic acid application on nutrient availability in
the soil solution, especially when evaluating different soil types [10,15,23]. Nonetheless,
in a study on medium-textured soil, it was observed that the application of humic acid at
different concentrations could increase the availability of nutrients such as P and Zn in the
soil solution [10]. However, this effect is highly dependent on the soil type.

Soil type and soil organic matter (SOM) content and the chemical nature of organic
compounds significantly influence plant nutritional status, growth, and yield by regulating
the availability of nutrients, water, soluble carbon compounds, soil pH, electrical conduc-
tivity (EC), and the efficacy of various agricultural inputs, including humates [10,15,24,25].
Nutrients present in the soil solution are in equilibrium with those associated with the soil
solid phase and with the nutrient adsorbed onto tropical soil colloids [10]. The availabil-
ity of nutrients can be determined either by analyzing the entire soil or by assessing the
concentration of readily available nutrients in the soil solution that can meet the crop’s
nutritional requirements [10,18,26]. Despite being a significant nutrient pool for plants, the
capacity of soil solution in humic acid-treated soils to reflect soil fertility status and supply
nutrients to pasture crops is still insufficiently understood.

In addition to soil texture, native SOM soil mineralogy is a key factor that influ-
ences the magnitude, function, and optimal application rate of humic acid for differ-
ent crops [4,10,15,17,18,27]. The interaction between soil and humic acid plays a crucial
role in regulating the effectiveness of humic fertilization on crop nutritional status and
growth [10,15,19,28,29]. Upon addition to soils, humic acid becomes adsorbed to clay
minerals and is prone to adsorption onto soil colloids [20,30]. The exogenous carbon (C)
introduced by humic acid into soils may interact with soil components, leading to variations
in the content of bioactive carbon pools in the soil solution. These bioactive carbon pools
can influence soil processes and biochemical and physiological processes that ultimately
affect crop growth [10,11,20].

In soil, the rate of humic acid significantly influences the crop’s response to humic
substances [10,11,15,18]. The association between plant biomass and humic substances
rate is often characterized by quadratic functions, indicating a threshold concentration
beyond which plant growth is either reduced or completely inhibited [11,15,18,20,31].
Consistent with the findings of Rose et al. [15], an initial peak in plant growth response
to humic substances is observed within the range of 5-40 mg kg~!. Beyond this optimal
concentration, there is a negative impact on plant growth attributed to deleterious effects
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of humic bioactive fractions on plant cells [32,33]. The complexation and availability
of nutrients in less-buffered growth media, such as sandy soils, are additional factors
influencing plant response to humic fertilization [8,15]. The rate of humic acid application
varies depending on the soil and crop treated, or the mode of humic acid application (via
foliar or soil application). Therefore, it is crucial to establish the optimum humic acid
rate for grass plants as it varies based on plant species, soil type, and the source of humic
substances [10,18,20].

According to the limited literature supporting the effects of the application of humic
acid on the soil solution in different soil types related to plant growth, we hypothesize that:
(i) in a concentration-dependent manner, humic acid would enhance Brachiaria growth
more significantly in sandy soil (Sandy Entisol) compared to Oxisols with higher clay and
soil organic matter (SOM) contents; (ii) humic acid would have little impact on shoot growth
but play a significant role in increasing Brachiaria root biomass; and (iii) the response of
Brachiaria to humic acid rates would not be affected by the native concentration of carbon
available in whole soil and soil solution. The aims of this study were to: (i) evaluate
the chemical composition of the solution of highly fertilized tropical soils treated with
increasing concentrations of humic acid; (ii) identify the optimum concentration of humic
acid to improve the nutritional status and biomass of Brachiaria grown in contrasting
tropical soils; and (iii) investigate whether the background carbon concentrations in soil
solution can inhibit the response of Brachiaria to exogenous carbon added by humic acid.

2. Materials and Methods
2.1. Soils Characterization

Three experiments were conducted simultaneously using different soils cultivated
with Brachiaria brizantha cv. BRS Paiaguas, under greenhouse conditions. Sandy Entisol,
Red-Yellow Oxisol, and Red-Oxisol samples, according to the Soil Taxonomy, from the
surface layer (0.0-0.2 m) were collected under native forest vegetation in Lavras, state of
Minas Gerais, Brazil. The primary attributes of the soils studied are shown in Table 1.

Table 1. Texture, chemical and physicochemical properties of the non-fertilized soils before the
addition of humic acid.

Soil Sandy Entisol Red-Yellow Oxisol Red Oxisol
Clay (g kg™ 70 230 625
Silt (g kg™1) 10 35 95
Sand (g kg™") 920 735 280
Texture Sandy Medium texture Clayey
pH 4.9 458 4.1
SOM (g kg™1) 9 16 317
A (cmol. kg™1) 0.7 0.5 1
H+Al (cmol kg™1) 43 39 9.7
Ca?* (cmol. kg™1) 0.2 0.7 0.2
Mg?* (cmol. kg™1) 0.1 0.2 0.1
K (mg kg™1) 47.8 1.4 1.8
Fe (mg kg™1) 151 59.2 89.6
Zn (mg kg™ 1) 0.8 0.7 0.3
Cu (mgkg™) 0.5 0.3 1.7
Mn (mg kg™1) 7.8 10.5 8.2
P (mg kg™") 19.1 65.3 303
$-5042~ (mg kg™') 47 5.7 6.9
B (mg kg~ 1) 0.1 0.1 0.1
P-Rem (mg L~1) 47 39 13

pH at the 1:2.5 soil:water ratio; exchangeable Ca?t, Mg2+, and AIP*: extracted by a1 mol L~! KCl solution; SOM
(soil organic matter): oxidized in a solution of Na;Cr,O7 4N+ H;SO4 10 mol L1, and determined by the modified
Walkley—Black soil test; H+Al: potential acidity determined indirectly by the SMP pH soil test; available Fe,
Zn, Cu, Mn and P extracted by the Mehlich-1 soil test; S: available S as sulfate extracted with monocalcium
phosphate and determined by the acetic acid-barium chloride method; B: available B extracted by hot water;
P-rem: remaining phosphorus.
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2.2. Humic Acid Characterization

The humic acid sample was extracted from leonardite using a 0.5 mol L~! KOH
solution at the ratio of 1:10 (w/v). The chemical properties of the humic acid are described
in Table 2. Humic acid sample was scanned, and the main peaks in BBFs spectra were
identified in the mid-infrared region at wavenumbers ranging from 4000 to 800 cm ™!
(Figure 1). For each spectrum, 64 scans with a resolution of 2 cm ™! were collected using the
Attenuated Total Reflectance Fourier Transform Infrared (FTIR) spectroscopy technique in
an Agilent® Cary 630 spectrometer.

Table 2. pH, electrical conductivity (EC) and total nutrient content of humic acid used.

pH

EC
(dSm™1)

C
gkg )

N P K Ca Mg S Fe Cu Mn Zn
ke @kg™H (kg™  (gkgH  (@gkghH  (gkg™H  (mgkg™H (mgkg1) (mg kg1 (mgkg™1)

Humic
acid

9.7

36

350

52 0.05 42 14 2.6 2.8 2.7 7.6 21 76

pH and electrical conductivity were determined in water at the 1:10 mass:water ratio. Total carbon (C) was
determined using an automatic (dry combustion) carbon analyzer in the solid mode (Elementar, model Vario
TOC Cube, Germany). Total nitrogen (N) was determined by the Kjeldahl method [34]. Total phosphorus (P),
potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn)
were determined by digestion of samples in nitric-perchloric acids followed by determination of nutrients in a
extract through optical emission spectrometry (ICP-OES).

Absorbance

C-CH, (bending-C)
C=C (aromatic-C) i

C-H (stretching)

C-O (bending)
(aliphatic-C) i

O-H (stretching)

4000

3600 3200 2800 2400 2000 1600 1200 800

Wavelength (cm™)

Figure 1. Mid-infrared spectral signatures and the main bands assigned to organic functional groups

present in the leonardite-derived humic acid.

2.3. Experimental Design and Treatments

In the three experiments conducted with different soils, the treatments consisted
of five humic acid concentrations based on carbon content as follows: 0, 5, 10, 25, and
60 mg kg~ ! carbon-humic acid. The concentrations of carbon-humic acid was chosen
based on previous studies where it was shown that the effects of humic acid application
on soils under conditions similar to the study were concentrated in the range of 5-50 mg
kg~1[10,18,31]. A randomized block experimental design was utilized with three replicates.
Soil samples were dried, ground, passed through a 2 mm sieve, and incubated for 21 days
with CaCO3; and MgCOs at a 3:1 ratio to neutralize acidity and increase soil base saturation
to 60%. Soil water-holding capacity was maintained close to 70%.

After acidity correction, the soil was dried again, ground, and passed through a 2 mm
sieve, and then the pots filled with 1.5 kg soil. Humic acid was uniformly mixed with the
whole soil in pots. Subsequently, phosphorus (P) was added to the soils at the following con-
centrations: 200 mg kg (Sandy Entisol), 350 mg kg~ ! (Red-Yellow Oxisol), and 500 mg kg !
(Red Oxisol). Phosphorus added to Oxisols was based on soil texture, remaining P, and P
rates recommended for crop grown in greenhouse condition in closed small pots, so that
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the dose was increased according to the higher clay content in the soils, as per previously
published studies [10,35]. Soluble sources of macro and micronutrients were added to
soil samples to meet the nutritional requirements of Brachiaria brizantha plants grown in
pots, with the following concentrations: 100 mg kg~! of N (NH4H,POy), 100 mg kg ! of
potassium (K) and 41 mg kg’l of sulfur (S) (K;SOy), 0.81 mg kg’1 of boron (B) (H3BO3),
1.33 mg kg ! of Cu (CuSO4.4H,0), 3.66 mg kg ! of Mn (MnCl,.4H,0), 1.55 mg kg ! of Fe
(FeCl3.6H,0), 0.15 mg kg ! of molybdenum (Mo) (NH4)6Mo;0,4.4H,0), and 6 mg kg !
of Zn (ZnSQO4.7H,0).

Following this, ten seeds of Brachiaria were sown per pot. After five days, thinning
was performed, and two grass plants were cultivated per pot. Topdressing fertilization was
applied by adding 100 mg kg ! of N and 100 mg kg~! of K (NH4NO; and KNO3) at 15
and 32 days after sowing (DAS).

2.4. Soil Solution Sampling and Analysis

Two days after sowing Brachiaria, soil solution was collected from each experimental
unit (pot) using the Suolo Acqua® sampler [25]. The solution sampler was inserted into
the middle third portion of the soil packed in the pot simultaneously with the addition of
soil and humic acid concentrations. After maintaining soil moisture close to 100% water-
holding capacity for 12 h to achieve equilibrium between soil liquid and solid phases, soil
solution samples were collected from each soil experimental unit using tubes conditioned to
approximately ~70 kPa in a vacuum pump. A needle placed at the outer end of each Suolo
Acqua® sampler was inserted into the rubber-sealing cap of the soil solution sampling tube.

The soil solution samples were then filtered through a membrane with a 0.45 um pore
diameter, and C in the soil solution was determined using an automatic (dry combustion)
carbon analyzer in the liquid mode (Elementar, model Vario TOC Cube, Langenselbold,
Germany). Soil solution pH and EC were determined using a bench Mettler Toledo digital
conductivity and pH meter. Soil solution concentrations of P, K, Ca, Mg, S, Cu, Mn, Fe
and Zn were determined using the inductively coupled plasma technique with an optical
emission spectrometer (ICP-OES).

2.5. Plant Analysis

Brachiaria was harvested 35 days after sowing, separated into shoot and root parts,
which were then dried at 60 °C until a constant weight was achieved. After drying,
the biomasses were weighed to determine shoot and root dry matter. Total dry matter
was calculated by adding shoot dry matter to root dry matter. The root:shoot ratio was
calculated as the ratio of root dry matter to shoot dry matter. Brachiaria shoot biomass was
ground and passed through a 1 mm sieve for determination of macro and micronutrients.
Brachiaria shoot biomass was digested in a mixture of nitric and perchloric acids at a ratio
of 4:1 (v/v) and concentrations of P, K, Ca, Mg, S, Fe, Mn, Cu and Zn in extracts were
determined in ICP-OES [36]. The total nitrogen (N) content was determined by digesting
plant tissue with sulfuric acid followed by distillation of the digested plant material and
titration [34,36]. Nutrient accumulation in the shoot was calculated by multiplying the
nutrient concentration in the shoot (mg kg ') by the respective shoot dry matter [37].

2.6. Statistical Analysis

For each soil, the dataset underwent analysis of variance (ANOVA). When the assump-
tions of ANOVA were met and the means of treatments (humic acid concentrations) were
significantly different (p < 0.05), linear mathematical models were fitted to carbon-humic
acid concentrations with soil solution attributes, Brachiaria dry matter, and nutrients accu-
mulated in shoots. All statistical analyses were performed using the R software ExpDes
package [38]. The regression model that best fit the dataset was selected based on the
significance of the mathematical equation parameters (p < 0.05), the lowest sum of squared
errors, and the equation with the highest adjusted coefficient of determination (R?).
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For each soil type, Pearson’s correlation matrix test was conducted to assess the degree
of association among shoot and root dry matter and soil solution attributes. To examine
the effects of carbon-humic acid concentrations on the solution properties of the three
soils investigated, a cluster analysis through principal component analysis (PCA) was
performed. In the cluster analysis, the dataset was normalized to remove the general
effect of each soil type on the solution and plant attributes by subtracting the mean of the
control (no humic acid addition) from the mean of each analyzed variable. This allowed for
accurate evaluation of the humic acid effect on the analyzed attributes regardless of the
soil type investigated. The cluster analysis was based on the matrix of Euclidean distances
among means, using the Ward’s algorithm hierarchical clustering procedure [39]. Each
dendrogram branch was calculated using the bootstrap support approach and the pvclust
package [40]. These statistical routines were performed using the R software 4.3.1 [41].

3. Results
3.1. Soil Solution

Carbon in soil solution increased over carbon-humic acid concentrations added to Red
Oxisol, Sandy Entisol and Red-Yellow Oxisol (Figure 2a). Carbon in solution was influenced
by humic acid concentration added to soils, varying from 580 to 733 mg L~! in the Sandy
Entisol, 990-1250 mg L1 in Red Oxisol, and from 800 to 1605 mg L1 in the Red-Yellow
Oxisol. Use of humic acid did not alter the solution pH of Red-Yellow Oxisol and Red Oxisol
(Figure 2b), though the pH of Sandy Entisol solution linearly increased over humic acid
concentrations, reaching values near 6.5. The use of carbon-humic acid concentrations in
the Sandy Entisol and Red-Yellow Oxisol increased solution EC to values close to 3dSm™1,
thus, to levels, at least in closed growth systems, high enough to hamper Brachiaria growth.
In the clayey-buffered Oxisol (Red Oxisol), solution EC was low (~1.7 dS m~!) and not
affected by humic acid concentrations (Figure 2c).

V Red-Yellow Oxisol B Red Oxisol
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Figure 2. The content of carbon (C) (a), pH (b), and electrical conductivity (EC) (c) in the soil solution
of contrasting weathered soils as related to increasing humic acid concentrations (C-HA).

In the solutions of Red-Yellow Oxisol and Red Oxisol, the levels of Ca and Mg remained
unchanged with the use of humic acid (Figure 3a,b). However, in the Sandy Entisol solution,
Ca levels sharply increased while Mg levels decreased as the concentration of humic acid
increased. Across all soil types, K exhibited a linear increase in solution with increasing
carbon-humic acid concentration (Figure 3c). High and variable levels (ranging from 105
to 180 mg L) of available K were determined in the solution of Sandy Entisol sandy
samples treated with increasing humic acid concentrations. Iron in the solution varied
across soil types and depended on humic acid concentration (Figure 3d). In the Sandy
Entisol and Red-Yellow Oxisol, the availability of Fe in the solution is limited and slightly
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increased in response to humic acid concentrations. Conversely, in the Red Oxisol, the use
of humic acid sharply increased Fe availability in the soil solution. In fact, in the Red Oxisol,
humic acid plays a crucial role in improving Fe solubility, which varies from 0.5 mg L~!
at the lowest concentration of carbon-humic acid to 17.5 mg L~! at carbon-humic acid
concentrations close to 35-40 mg kg 1. Overall, Zn and Cu (Figure 3e,f) in the soil solution
increased with increasing humic acid concentrations, while Mn in the soil solution is less
responsive to changes in humic acid concentrations, increasing only in the Red-Yellow
Oxisol-humic acid treated soil (Figure 3g). Phosphorus in the Red Oxisol soil solution
shows slight changes, sharply increased (55-120 mg L~ !) in the solution of Red-Yellow
Oxisol, while its availability is reduced in the Sandy Entisol solution as carbon-humic acid
concentration increased (Figure 3h). In the Sandy Entisol and Red Oxisol, the use of humic
acid did not change S in the soil solution, while in the Red-Yellow Oxisol, the S increased as
the carbon-humic acid concentration reaches concentrations up to 32 mg kg~! (Figure 3i).
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Figure 3. The dissolved contents of calcium (Ca) (a), magnesium (Mg) (b), potassium (K) (c), iron
(Fe) (d), zinc (Zn) (e), copper (Cu) (f), manganese (Mn) (g), phosphorus (P) (h), and sulfur (S) (i) in the
soil solution of contrasting weathered soils as related to increasing humic acid concentrations (C-HA).
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3.2. Brachiaria Nutrition and Growth

The growth of Brachiaria in response to humic acid use depended on soil type
(Figure 4). The Brachiaria shoot dry matter was not affected by humic acid concentrations
for plants grown in the Sandy Entisol (Figure 4a). Shoot biomass increased with increasing
carbon-humic acid concentrations added to Red Oxisol and Red-Yellow Oxisol), reaching
its maximum for plants grown in the Red Oxisol samples treated with approximately
25 mg kg~! carbon-humic acid. Compared with the control (no humic acid addition), the
application of approximately 35 mg kg~! carbon-humic acid in the Sandy Entisol increased
root biomass by 89% (Figure 4b). However, the root biomass gains in response to humic acid
in the Red Oxisol were lower. In the Red-Yellow Oxisol, the proliferation of the Brachiaria
root system is not affected by humic acid addition. Total Brachiaria biomass increased up to
25 mg kg ! carbon-humic acid for all three soils (Figure 4c). The root:shoot ratio increased
up to concentrations of 39 and 34 mg kg~ ! carbon-humic acid added to Sandy Entisol
and Red Oxisol, respectively (Figure 4d). However, the root-to-shoot ratio significantly
decreased for humic acid concentrations above approximately 40 mg kg~
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Figure 4. Shoot (a), root (b), and total (c) dry matter production, and root:shoot biomass ratio (d) as a
function of humic acid concentrations (C-HA) added to contrasting weathered soils.

The use of humic acid did not affect the accumulation of N, K, Mg and S in the
Brachiaria shoot grown in the Sandy Entisol, P, S, K and Ca in Brachiaria cultivated in the
Red Oxisol and N in plants grown in the Red-Yellow Oxisol (Figure 5a—f). In the Red-Yellow
Oxisol, the accumulation of P, S, K, Ca, and Mg in the shoot increased, respectively, up
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to carbon-humic acid concentrations in the range of 19-28 mg kg~!. Concentrations of
carbon-humic acid above the aforementioned range reduced the accumulation of most
nutrients in Brachiaria shoot. Shoot Ca accumulation in the Sandy Entisol and Mg in the
Red Oxisol increased up to optimal concentrations of 31 and 25 mg kg~! carbon-humic
acid, respectively.
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Figure 5. Accumulation in Brachiaria shoot of nitrogen (N) (a), phosphorus (P) (b), sulfur (S) (c),
calcium (Ca) (d), magnesium (Mg) (e), and potassium (K) (f) in response to humic acid concentrations
(C-HA) added to contrasting weathered soils.

Shoot accumulations of Fe, Zn, Cu, Mn and B were not influenced by the addition of
humic acid to Sandy Entisol (Figure 6a—e). In the Red-Yellow Oxisol, the accumulation of
Fe, Zn, Cu, and Mn in the shoot increased up to concentrations of 26, 27, 19, and 26 mg kg_1
carbon-humic acid, respectively. Shoot accumulations of Fe, Zn, Cu, Mn, and B increased
with humic acid addition to Red Oxisol in the range of 22-29 mg kg~! carbon-humic acid.
Concentrations of carbon-humic acid higher than the aforementioned range reduced the
amounts of micronutrients in Brachiaria shoot. In the Red-Yellow Oxisol, the accumulation
of B in Brachiaria shoot linearly increased as the humic acid concentration was augmented.
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Figure 6. Accumulation in Brachiaria shoot of iron (Fe) (a), zinc (Zn) (b), copper (Cu) (c), manganese
(Mn) (d), and boron (B) (e) as related to humic acid concentrations (C-HA) added to the contrasting
weathered soils.

3.3. Pearson’s Correlation Matrix

The degree of association and correlations among soil solution attributes that signifi-
cantly explain most of Brachiaria shoot and root biomass production truly depend on the
soil investigated (Figure 7). In the Sandy Entisol, shoot dry matter negatively correlated
with pH and the contents of K and Cu in the soil solution (Figure 7a), while root dry matter
positively correlated with Ca and Fe contents in the Sandy Entisol soil solution (Figure 7d).
In the Red Oxisol, shoot dry matter is positively correlated with C, Fe, and P contents in its
soil solution (Figure 7b), while root dry matter is correlated with pH, EC, and Mg content
in its soil solution (Figure 7e). In the Red Oxisol, the root dry matter significantly increases
in response to levels of Fe and Zn in the soil solution (Figure 7f), while shoot dry matter is
not regulated by the availability of nutrients, EC, and pH of the solution of the soil with the
highest content of clay and organic matter (Figure 7c).
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Figure 7. Pearson’s correlation matrix was computed among dry matter (shoot (a—c)) and root (d—f)
and soil solution properties and nutrients contents for each soil type. EC: electrical conductivity;
Nutrients dissolved in the soil solution: carbon (C), calcium (Ca), magnesium (Mg), potassium (K),
iron (Fe), zinc (Zn), copper (Cu), manganese (Mn), phosphorus (P), and sulfur (S). * Significant
correlation (p < 0.05).

4. Discussion

In the Sandy Entisol, the increase in carbon in the soil solution was proportional to the
concentrations of carbon added through humic acid application. However, in clayey (Red
Oxisol) and especially in medium texture (Red-Yellow Oxisol) Oxisols, the levels of carbon
in the soil solution exceeded those added by humic acid concentrations. Overall, disruption
of soil aggregates, nutrient addition, and partial neutralization of soil acidity are key factors
contributing to an increase in SOM mineralization rate and soluble carbon content in the
soil [10,18,25,42,43]. Therefore, in addition to the effects of exogenous carbon added by
humic acid, native carbon mineralized from SOM possibly explains and acts as a driving
force regulating the high concentrations of carbon (ranging from 580 to 1605 mg L~1)
determined in the soil solution. In a study conducted using humic acid application, it was
found that its addition to the soil promoted a priming effect, stimulating microbial growth
and increasing carbon mineralization in the soils [44]. This effect may explain the behavior
observed in our study; however, further studies are needed to validate these mechanisms
in different soils, mainly in field conditions.

Furthermore, humic acid added to soils interacts with soil constituents and SOM pools,
regulating the rates of carbon adsorption-desorption processes and carbon concentrations
in soil solution [10,20]. In two contrasting texture soils, the concentrations of carbon
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in solution exceeded the amounts of carbon added as humic acid, ranging from 50 to
290 mg L, and were sharply influenced by SOM content and sources of P added to the
soil [18]. In experiments with contrasting soils incubated in closed pot systems, Carmo
et al. [25] observed that carbon concentrations in solution varied over time, reaching
concentrations ranging from 90 mg Lt (sandy soil) to 680 mg Lt (clayey soil).

Across different concentrations of humic acid, the pH of the Sandy Entisol underwent
significant changes, ranging from 5.5 (no humic acid) to 6.7 (60 mg kg ™! carbon-humic
acid). In the less-buffered sandy growth medium, the carboxylic, phenolic, and other polar
groups of humic acid, when dissociated, release H* ions, generating negative charges that
can complex metals, forming organic metallic complexes (OMCs) with varying stability
and solubility [8,29]. Additionally, the alkaline nature of humic acid, particularly in the
less-buffered soil (Sandy Entisol), is expected to increase the soil solution pH [31]. The
low buffering capacity of Sandy Entisol and Red-Yellow Oxisol soils contributed to the
increase in EC in response to the concentrations of carbon-humic acid added to the soils
(Figure 2). Electrical conductivity, in a soil type-dependent manner, serves as an indirect
index allowing for the inference of the amount of ions and salts dissolved in the soil
solution [18,25]. In line with Maluf et al. [27], the increased ion content in the soil solution
is likely due to the capacity of humic acid to compete with metals and their accompanying
anions for soil colloid binding and adsorption sites, as well as the composition of humic
acid itself, including the high loadings of K added by the humic acid sample used in this
study [31].

The effects of humic acid application on soil solution properties are more pronounced
in the Sandy Entisol samples compared to buffered Oxisols (Red-Yellow Oxisol and Red
Oxisol). Sandy soil is characterized by a low cation exchange capacity (CEC), allowing
humic acid to displace cations and anions adsorbed in the soil solid phase, consequently
increasing the concentrations of ions in the soil solution. This may explain the increased
availability of Ca, K, Fe, Zn, and Cu in the soil solution. Nutrient availability in the soil
solution is regulated by factors such as soil water content, pH, soil type, fertilizer rate,
soil organic matter content, and humic acid concentrations [18,25]. The differences in
the magnitude of humic acid concentration effects on soil solution properties are also
potentially explained by the higher nutrient and acidity buffering capacity of Red-Yellow
Oxisol and Red Oxisol compared with Sandy Entisol.

The increased levels of K in the solution of soils treated with humic acid can be
attributed to the loading charges of K added to the soils by the humic acid itself (Figure 3).
Generally, K is the most concentrated nutrient in commercial humic acid and humates
products, as potassium hydroxide (KOH) is the main strong base used to extract humic
substances from lignite and leonardite [31]. Potassium competes with other nutrients
for soil colloid adsorption sites; therefore, at high concentrations, it can displace cationic
micronutrients that were previously retained on the soil sorption complex [45].

In soil solution, P concentrations in the range of 0.2-0.3 mg L~! are considered ideal
for abundant plant growth [46]. However, in this study, the levels of P in the soil solution
exceeded the threshold levels already reported as ideal for plant growth in nutritive
solutions. For instance, in a typical Brazilian Oxisol treated with different carbon-humic
acid concentrations and single superphosphate, the concentration of soil solution P was
approximately 0.5 mg L1 [18].

The reduction of P in the soil solution of Sandy Entisol in response to humic acid con-
centration was possibly related to the low clay content in the soil. This may result in high
competition between the polar groups of humic acid and phosphate for soil adsorption sites.
Colloidal surface binding sites have a greater affinity for P than humic acid; therefore, the
soil solution of humic acid-treated soils is expected to have lower P levels as the amount of
humic acid added to the soil increases [18]. The main mechanisms involving the application
of humic acid and its effect on P availability in the soil are complex, involving processes
such as interaction with ions and metal oxides in the soil through competitive adsorp-
tion, complexation of phosphorus with other metals with higher availability, electrostatic
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interaction, precipitation reactions, and changes in the physical and chemical properties
(pH, CEC, aggregate stability, and water-holding capacity) of the soil. Additionally, humic
acid influence the microbial community and enzyme activity to affect the migration and
transformation of soil phosphorus, and they can also stimulate specific P transporters in
the roots [47-49].

In the Sandy Entisol, the increase in Ca, K, Zn and Cu concentrations in the solution as a
function of carbon-humic acid concentrations was not sufficient to increase Brachiaria shoot
biomass The negative correlation between pH and shoot dry matter (Figure 7) indicates
that the highest pH reached in the Sandy Entisol (pH 6.7) was one of the reasons hindering
Brachiaria shoot growth. As the soil pH approaches values close to 7.0, the availability
of most cationic micronutrients sharply decreases, which contributes to the prevention of
nutrient uptake by Brachiaria, thereby reducing its growth. In contrast to the shoot, in
the Sandy Entisol, the root dry matter and total dry matter, as well as the root:shoot ratio,
increased in response to humic acid concentrations. Calcium levels in the soil solution of
Sandy Entisol were a major driving force in improving the proliferation of the Brachiaria
root system, as evidenced by a positive correlation between Ca concentration in the solution
and root dry matter produced in the Sandy Entisol (Figure 7). Calcium plays a role in cell
wall stabilization [50,51] and is capable of alleviating potential imbalances of nutrients in
the soil solution, such as high levels of Mg, N predominantly as ammonium, and excessive
K levels supplied to crops [52].

Increases in K, P, S, Fe, Zn, Cu and contents in the soil solution contributed to the
augmentation of shoot dry matter of Brachiaria plants grown in the Red Oxisol and Red-
Yellow Oxisol (Figures 3 and 4). In the humic acid-treated Red-Yellow Oxisol samples, the
increase in Brachiaria shoot dry matter was positively correlated with P levels in the soil
solution (Figure 7). Humic acid use enhances P availability, its efficiency of use, and uptake
by plants, thereby improving plant growth in an humic acid concentration-dependent
manner [15,18,19]. One mechanism involved in the increase in P availability in soils treated
with humic acid is the blocking of phosphate adsorption sites on the surface of colloids in a
soil type-dependent manner [27].

In the Red Oxisol, the increase in Zn and Fe in the solution contributed to an increase
in Brachiaria root dry matter, though shoot dry matter was not affected by these nutrients
(Figure 7). Increased root proliferation in the humic acid-treated Sandy Entisol and Red
Oxisol samples, without compromising Brachiaria shoot growth, may be beneficial over
time. The root is a plant organ capable of storing photoassimilates and energy, favoring
the regrowth of grass plants in subsequent growing seasons [53]. Pinheiro et al. [4] demon-
strated a positive relationship between root dry matter and the regrowth of Brachiaria in
response to the foliar application of 30 mg L~! humic acid after 60 days of grass seed emer-
gence. Accordingly, in the aforementioned study, humic acid did not influence Brachiaria
shoot biomass at the first cut, while it increased root proliferation and shoot biomass at
the second grass cutting, indicating increased bioactivity of humic acid over time and its
high capacity in promoting plant regrowth [4]. Daur [6] reported an increase in the shoot
dry matter, N, P, K, Mg, Fe, Cu, and Zn in Panicum antidolate retz treated with 90 kg ha~!
humic acid incorporated at 0-15 cm soil layer, which accounted for 60 mg kg~! humic acid.
The optimal concentration of carbon-humic acid that positively affected plant growth and
soil properties in this study varied between 60 and 95 mg kg ! humic acid. This range of
humic acid added to soil with positive effects on plants and soil properties is similar to that
reported by Daur [6].

Based on the results reported in this study, the effects of humic acid concentration
on plant and soil properties fitted quadratic functions, whereby an optimum humic acid
concentration is defined after which the response stabilizes and, subsequently, reduces,
reflecting a sharp reduction in plant biomass [15,18]. The decrease in shoot and root biomass
of Brachiaria observed after the highest concentration of humic acid is possibly due to
the formation of encrusted layers of humic materials in cell walls, consequently reducing
hydraulic conductivity and impairing root growth [32], as well as increasing the number
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of border cells [33]. Additionally, high humic acid concentrations may increase lipid
peroxidation of the root cell plasmatic membrane, with negative impacts on plants [32].

Humic acid concentrations close to 25 mg kg~! carbon-humic acid added to Red
Oxisol improved the accumulation of N, Mg, Fe, Zn, Cu, Mn, and B in Brachiaria shoot,
which were 18-52% higher than the control (humic acid-not treated plants) (Figures 5 and 6).
The increase in Fe, Zn, and Cu in the shoot was related to higher nutrient availability in the
soil solution, while P accumulated in Brachiaria shoot was not favored by the higher levels
of P contents in the solution of humic acid-treated soils (Figures 3 and 5). In the Red-Yellow
Oxisol, the increase in Fe, Zn, and Mn in the soil solution contributed to a greater nutrient
accumulation in Brachiaria shoot, improving Brachiaria shoot growth, resembling the same
results reported for Brachiaria plants grown in the Red Oxisol.

Humic acid improves the availability of nutrients in solution by triggering soil and
plant processes, including those linked to the formation of organic metallic complexes
with Fe, Zn, Mn, and Cu, thus boosting micronutrient acquisition by crops [9,11,28]. The
complexation process involves reactions between the metal and carboxylic, phenolic, and
other polar compounds enriched in N and S radicals found in the humic substances
structure [8,29]. The mechanism involved in the increase in B uptake by plants under the
influence of humic acid is not well known, while the formation of B-humate complexes
available for plants is claimed as a possible explanation for the enhanced B acquisition by
plants [54]. Overall, the highest concentration of carbon-humic acid (60 mg kg ') inhibited
nutrient accumulation in Brachiaria shoot.

Indirect effects of humic substances on plants include alterations in growth media
properties, thereby affecting soil nutrient availability [11,15,16,27], as observed for several
solution properties of the three humic acid-treated soils (Figures 2 and 3). The direct effects
of humic acid on plants are explained by the interaction between humic acid molecules
with the cell surface, nutrient carriers, and the activity of H+-ATPase in the cell plasma
membrane, auxin-like hormones, in addition to enhancing the proliferation of the root
system, the emission of lateral roots, and overall plant growth [8,11-14]. The intensity of
both direct and indirect effects of humic acid on plants and soil properties depends on the
concentration and composition of humic acid [8,14,31].

However, only the shoot biomass of Brachiaria grown in the medium-texture soil (Red-
Yellow Oxisol) was positively controlled (p < 0.05) by the solution carbon concentration.
Therefore, the carbon content in the soil solution was not a key factor in controlling
Brachiaria growth in response to humic acid concentrations. In soil solution, 5-93% of
carbon compounds are potentially degradable [55], which is why the effect of humic
substances on plants is not exclusively dependent on the amount of carbon in the soil
solution but rather relies on the bioactivity of carbon dissolved pools found in soil.

Regardless of the soil type investigated, the effects of humic acid on plant and solution
attributes were clustered into four groups based on their degree of similarity (Figure 8).
The following groups emerged from the use of the PCA approach: group I—no humic
acid added to Sandy Entisol, Red-Yellow Oxisol, and Red Oxisol, and application of 5 and
10 mg kg~ ! carbon-humic acid in the Red Oxisol, and 5 mg kg ! carbon-humic acid in the
Red-Yellow Oxisol; Group II—application of 5, 10, 25, and 60 mg kg—! carbon-humic acid
in the Sandy Entisol; Group Ill—application of 10 and 25 mg kg ! carbon-humic acid in
the Red-Yellow Oxisol and 25 mg kg ! carbon-humic acid in the Red Oxisol; and Group
IV—application of 60 mg kg ! carbon-humic acid in the Red-Yellow Oxisol and Red Oxisol.
The response of Brachiaria to humic acid was evaluated by univariate and cluster analyses.
A low or null effect of humic acid addition was observed for the group comprising the
lowest concentrations of carbon-humic acid added to Oxisols (Figure 8). Thus, for the
red circle-group, humic acid use slightly or did not affect the soil solution properties,
Brachiaria nutritional status, and biomass production. In the Sandy Entisol, carbon-humic
acid concentrations sharply altered the main soil solution properties and promoted a sharp
increase in Brachiaria root proliferation as well (dark green triangle group). The positive
effect of humic acid on nutritional status and shoot growth of Brachiaria was observed
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for the intermediary concentrations of carbon-humic acid added to Oxisols (pale green
square group). In the group clustered around the highest carbon-humic acid concentration
(60 mg kg~! carbon-humic acid) added to Oxisols (orange hexagon group), humic acid
reduced nutrients accumulated in shoot, hampering Brachiaria growth.
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Figure 8. Cluster analysis and hypothetical model and diagram for the humic acid effects on
Brachiaria root and shoot growth. SE: Sandy Entisol; RYO: Red-Yellow Oxisol; RO: Red Oxisol; —0,
—5, —10, —25 and —60 represent the concentrations of carbon as humic acid as follows: 0, 5, 10, 25
and 60 mg kg~! carbon-humic acid. Soil solution: effect of humic acid on soil solution properties;
RDM: root dry matter production; SDM: shoot dry matter production; NAcS: nutrient accumulation
in shoot.

Despite the promising results elucidating the main mechanisms involved in the appli-
cation of humic acid to the soil, complementary studies should be developed to evaluate
these effects under field conditions, with different crops and different management prac-
tices. Under field conditions, due to environmental stresses compared to greenhouse
conditions, the effects of humic acid application may be greater because of the role of humic
acid in stress mitigation. Furthermore, in field conditions, the optimal concentrations may
differ from those found in this study due to differences in the volume of soil explored and
the soil-plant-microorganism interaction.

5. Conclusions

Chemical properties of soil solution and Brachiaria traits in response to humic acid
concentrations were influenced differently depending on the soil type. The availability
of most nutrients and the pH of solutions in the sandy soil (Sandy Entisol) and medium-
texture Oxisol (Red-Yellow Oxisol) were notably affected by humic acid concentrations. At
approximately 35 mg kg ! carbon-humic acid, humic acid proved to be an effective input
for enhancing Fe availability in the solution of the clayey Oxisol. The impact of humic
acid addition on Brachiaria was more pronounced for root growth than shoot growth.
Brachiaria exhibited greater growth in sandy soil compared with medium-texture and
clayey Oxisols, regardless of humic acid concentration. In less-buffered soils such as Sandy
Entisol and Red-Yellow Oxisol, the addition of 3040 mg kg ! carbon-humic acid resulted
in a substantial increase in root growth by 76-89%, while the overall biomass production of
Brachiaria increased by approximately 30% across all soil types. Carbon concentrations in
the soil solution increased in response to humic acid concentrations, although this increase
was also influenced by the enhanced decomposition of native soil organic matter. However,
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the positive effects of humic acid concentrations on Brachiaria growth were not solely
driven by carbon concentrations in the soil solution. Therefore, establishing guidelines for
the effective use of humic acid to enhance Brachiaria growth in highly fertilized Brazilian
weathered soils will require determining not only the optimal humic acid concentration but
also considering the stratification of soil types concerning their responses to native organic
matter decomposition and humic acid concentration used to treat plants.
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