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Abstract

Biochar derived from açaí (Euterpe oleracea Mart.) processing residues represents a sus-
tainable strategy to improve fertility and mitigate acidity in highly weathered tropical
soils. This study evaluated the effects of açaí biochar (0 and 12 Mg ha−1), combined with
dolomitic limestone (0, 75%, and 100% of the recommended rate), on chemical, biological,
and agronomic attributes of a clayey Ferralsol cultivated with cowpea (Vigna unguiculata
(L.) Walp) in the Amazon. A field experiment was conducted in a randomized block design
with six treatments and four replicates. Soil samples were collected from the rhizosphere
and from the 0–5, 5–10, and 10–20 cm layers to determine pH, exchangeable Al, pseudo-
total concentrations of K, Ca, Mg, total carbon (TC), organic carbon (OC), microbial biomass
carbon (MBC), β-glucosidase, and cellulase activity. Biochar increased soil pH (0–10 cm),
reduced exchangeable Al, and increased pseudo-total K throughout the soil profile, whereas
liming primarily increased Ca and Mg availability and contributed to acidity correction. A
significant biochar × lime interaction was observed for exchangeable Al in surface layers,
while Mg responses varied depending on depth and treatment combination. Biochar also
enhanced cellulase activity, total carbon (TC), and microbial biomass carbon (MBC), while
reducing β-glucosidase in surface layers, with no effect on organic carbon (OC) determined
by the Walkley–Black method. Cowpea grain yield increased by 16% with biochar and
showed additive response to lime, reaching 1460 kg ha−1 under combined application,
13.6% higher than lime alone. These results indicate that açaí biochar acts as a complemen-
tary amendment for improving soil fertility, biological functioning, and crop performance
in acidic tropical soils.

Keywords: açaí-waste biochar; soil fertility; microbial activity; exchangeable aluminum;
tropical soils

1. Introduction
Global climate change and the growing demand for sustainable agricultural systems

highlight the need for management practices that enhance productivity in acidic soils,

Agronomy 2026, 16, 1246 https://doi.org/10.3390/agronomy16131246

https://crossmark.crossref.org/dialog?doi=10.3390/agronomy16131246&domain=pdf&date_stamp=2026-06-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-1479-4935
https://orcid.org/0000-0002-6022-9590
https://orcid.org/0000-0002-3729-9427
https://orcid.org/0000-0002-5201-7424
https://orcid.org/0000-0001-9661-1970
https://orcid.org/0000-0001-5579-0861
https://orcid.org/0000-0001-8864-2611
https://doi.org/10.3390/agronomy16131246


Agronomy 2026, 16, 1246 2 of 21

particularly in highly weathered tropical regions such as the Amazon. Soil acidity affects
nearly 50% of the world’s arable land, limiting crop production due to high levels of toxic
Al, low pH (H2O < 5.5), low availability of nutrients such as Ca, Mg and K, and inhibition
of soil microbial activity [1]. In many tropical soils, acidity extends into subsurface layers,
restricting root growth, reducing water and nutrient uptake, and ultimately compromising
crop productivity and food security [2].

Liming with alkaline materials such as calcite (CaCO3) and dolomite [CaMg(CO3)2] is
the most widely used strategy to neutralize soil acidity [3]. However, in many developing
countries, logistical and economic constraints limit adequate lime use, particularly among
smallholder farmers, thereby reducing the effectiveness of acidity correction and agronomic
responses [4,5]. In Brazil, for example, average lime application rates remain below those
required for efficient pH correction, even though an estimated 59 million metric tons of
limestone was used in 2024 [6,7]. These limitations underscore the need for complementary
or alternative amendments that can ameliorate soil acidity while also supporting broader
soil and environmental benefits.

Biochar, a porous and carbon-rich material produced by thermochemical conversion
of organic residues under limited oxygen, has emerged as a promising soil amend-
ment. Numerous studies report that biochar application can increase soil pH, reduce
Al toxicity, and improve the availability of basic cations (K, Ca, and Mg), thereby en-
hancing soil fertility and structure [8,9]. In addition, biochar is recognized as a potential
negative-emission technology due to its capacity to sequester carbon over long time
scales [10,11]. Biochar can also stimulate soil microbial communities [12,13] by supplying
nutrients [14,15] and inducing chemical and physical changes in the soil matrix [16,17].
Soil enzymes, mainly secreted by microbes, mediate organic matter decomposition,
nutrient mobilization, and carbon turnover and are widely used as indicators of soil
health [18]. Their activity is correlated with soil organic carbon [19] and influenced by
microbial community structure [20].

The açaí (Euterpe oleracea Mart.) production chain is highly relevant in the Brazilian
Amazon, where Brazil is the world’s largest producer and the region accounts for about
92% of the 239,000 tons produced in 2023 [21]. Açaí is globally recognized as a “superfood”
due to its nutritional and functional attributes [22]. However, approximately 80% of the
fruit mass, mainly seeds and fibrous material, is discarded, creating an environmental
liability but also a promising feedstock for biochar production within a circular bioeconomy
framework, as its lignocellulosic composition makes açaí residues suitable for thermochem-
ical conversion into biochar [23,24]. Despite this potential, studies evaluating açaí-waste
biochar as a soil amendment in Amazonian Ferralsols are still scarce.

Field-based studies evaluating açaí-waste biochar as a soil amendment in Amazonian
Ferralsols, particularly those integrating depth-stratified biological responses with soil fer-
tility and crop performance indicators, are still scarce. It was unclear whether biochar from
agro-industrial residues could complement or partially replace lime and mineral fertilizers
in acidic tropical soils while maintaining or improving soil fertility and yield. Addressing
this gap was essential to advance the use of recycled organic soil amendments and circular
bioeconomy strategies in agriculture. In this context, the present study advances current
knowledge by providing field-based evidence on the effects of açaí-derived biochar in an
Amazonian Ferralsol, focusing on soil chemical, microbial, and crop responses along the
soil profile and its interaction with conventional liming.

Accordingly, we asked whether açaí-waste biochar, a recycled organic soil amend-
ment, applied alone or with dolomitic limestone (lime), could improve soil fertility
and cowpea yield sufficiently to reduce dependence on conventional liming in acidic
tropical soils. We hypothesized that (i) açaí-waste biochar, applied alone or with lime,
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would increase soil pH, reduce exchangeable Al, and increase pseudo-total K, Ca, and
Mg concentrations; (ii) açaí biochar would enhance microbial functioning by increasing
microbial biomass and selectively modulating enzymatic pathways involved in carbon
cycling; and (iii) the improved chemical and biological soil conditions promoted by
açaí biochar, applied alone or in combination with lime, would enhance plant growth
and grain yield of cowpea [Vigna unguiculata (L.) Walp.], allowing partial replacement
of lime inputs and evidencing the agronomic potential of biochar–lime combinations
derived from açaí agro-industrial residues. Therefore, this study quantified the effects
of açaí-waste biochar, applied alone and in combination with different lime rates, on
soil chemical and biological indicators in an Amazonian Ferralsol, and evaluated the
consequent effects on cowpea nutrition, growth, and grain yield, as well as the potential
of this recycled organic amendment to reduce dependence on lime and mineral fertilizers
in acidic tropical soils.

2. Materials and Methods
2.1. Study Site and Soil Sampling

The experiment was conducted at the Tropical Fruit Growing Experimental Station
(EEFT) in an agricultural area that had been fallow for 30 years, located northwest of the
Amazon (2◦37′11.8′′ S 60◦02′28.8′′ W). The soil was classified as a Xanthic Ferralsol accord-
ing to the World Reference Base (IUSS Working Group WRB, 2022) [25] or as “Latossolo
Amarelo distrófico” according to the Brazilian Soil Classification System, with a clayey tex-
ture. According to Köppen’s classification criteria, the region has a humid tropical forest
climate—Af. The average precipitation is 2300 mm year−1, with a relative humidity of 80%,
and mean annual temperature of 26.7 ◦C [26,27]. Annual radiation data for the study area in
2022 are presented in Figure S1. The samples were subjected to chemical analyses according
to the methodology proposed by the Embrapa Soil Analysis Manual [28]. Physical analysis
(clay, silt, and sand) was performed using the method of [29]. The physical and chemical
attributes of the soil samples are listed in Table 1.

Table 1. Physical and chemical attributes of a Ferralsol soil utilized in the experiment.

Parameter Unit Low Medium High

Clay % - 53.0 -
Silt % - 17.7 -

Sand % - 29.3 -
pH (1:2.5 H2O) - 3.99 4.10 4.43

Soil Organic Carbon (SOC) g kg−1 15.16 16.0 16.17
K cmol(+) kg−1 0.03 0.05 0.07
Ca cmol(+) kg−1 0.10 0.15 0.16
Mg cmol(+) kg−1 0.03 0.04 0.05
Al cmol(+) kg−1 0.91 1.10 2.45

H + Al cmol(+) kg−1 4.47 4.69 5.81
CEC cmol(+) kg−1 1.08 1.35 2.72

Basis Saturation % - 5.9 -
Aluminum Saturation % - 80.9 -

Physical analysis (clay, silt, and sand) was performed using the method of [29] and chemical analysis followed [28].
H + Al = total acidity and CEC = cation exchange capacity. Note: Low, Medium, and High correspond to the
minimum, mean, and maximum values, respectively, obtained from sampling points. Exchangeable cations (K,
Ca, Mg, and Na) are expressed as cmol(+) kg−1.

2.2. Biochar Characterization

The biochar was produced in a low-cost kiln using residues from the açaí agroin-
dustry in Manaus, Amazonas, Brazil. The dried feedstock was pyrolyzed at an average
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temperature of 430 ◦C for 145 min. After cooling to room temperature, the biochar was
finely ground and passed through a 0.5 mm sieve. Available nutrient concentrations
were determined by inductively coupled plasma optical emission spectrometry (ICP-OES,
Thermo Scientific iCAP 700, Cambridge, UK). Ash and moisture contents were obtained
by thermogravimetric analysis in a muffle furnace at 750 ◦C for 8 h, following ASTM
D1762-84 [30] as adapted by IBI (2015) [31]. Electrical conductivity and pH were measured
in deionized water at a 1:20 (w:v) dilution (IBI, 2015) [31] using a benchtop pH meter
(Akso, Az Instrument Corporation, Model 86505, Taichung City, Taiwan, 2006). Details
of biochar production and characterization, including physicochemical properties and
structural analyses, were previously described by [24] for the same açaí-derived biochar
used in this study (Sample S1). The main physical and chemical properties of the biochar
are presented in Table 2.

Table 2. Physical and chemical attributes of biochar obtained from açaí waste.

Parameter Unit Value

Pyrolysis temperature ◦C 430
Electrical conductivity µS 183

Moisture % 5.30
Ash % 3.80

pH (1:20 H2O) - 9.10
K g kg−1 5.80
Ca g kg−1 1.30
Mg g kg−1 0.90

H/C - 0.19
O/C - 0.14

2.3. Experimental Design and Treatments

The field experiment was in a randomized complete block design in a factorial
scheme with two biochar levels (0 and 12 Mg ha−1; BC0 and BC12, respectively) and
three dolomitic limestone (hereafter referred to as lime) levels (0, 75%, and 100% of
the recommended rate to raise base saturation to 60%; 0.0, 2.7, and 3.6 Mg ha−1; L0,
L75, and L100, respectively) (Figure S2). The biochar rate of 12 Mg ha−1 was chosen
because it falls within the range that has been agronomically effective (≈10–20 Mg ha−1)
in tropical, highly weathered soils [32]. On this basis, 12 Mg ha−1 was considered a
realistic, field-applicable rate to test whether açaí-waste biochar can improve soil fertility
and cowpea yield in an Amazonian Ferralsol. Lime application percentages followed
Brazilian soil fertility guidelines to reach 60% base saturation, allowing us to evaluate
whether açaí biochar could partially replace conventional liming while maintaining soil
chemical quality. Treatments were arranged in four blocks, with each block containing
one plot per treatment, totaling 24 plots. Each plot measured 4 × 3 m, with 1.5 m spacing
between blocks and between plots.

2.4. Field Management and Crop Performance

Lime was manually broadcast across each plot according to the treatment-specific rates
(0, 75%, and 100% of the recommended rate to raise soil base saturation to 60%). Thirty-five
days after liming, açaí biochar was band-applied along the planting line and incorporated
to a depth of 5 cm using a hoe, reflecting the manual soil handling practices commonly
adopted by smallholder farmers in the Amazon region. Sowing was carried out 20 days
after biochar application. Fertilizer inputs followed regional agronomic recommendations
for cowpea [33]: 80 kg ha−1 P2O5, 40 kg ha−1 K2O, and 25 kg ha−1 of micronutrients
(FTE-BR12: 3% S, 1.8% B, 2% Mn, and 9% Zn), followed by 30 kg ha−1 N applied 15 days
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after sowing. The field experiment was conducted from July to September 2022. Climate
conditions were characterized using data from the INMET BDMEP database (station A101,
Manaus; ~54 km from the experimental site), which reported a mean air temperature of
29 ◦C and total rainfall of 68 mm during the period. Solar radiation conditions during the
experimental period are presented in Figure S1. Field operations adhered to low-input
practices typical of smallholder systems—including manual soil preparation, pruning,
hand-weeding and minimal disturbance—to maintain soil physical integrity and biological
functioning in the Ferralsol.

The cowpea (Vigna unguiculata (L.) Walp) used was of the BR3 Tracuateua cultivar,
with a typical growth cycle of 70 days. This species was selected due to its socioeconomic
relevance in tropical regions, particularly in the Amazon, where it serves as an accessible
protein source and a strategic crop in the context of climate change and food security [33].
Four seeds were manually sown at a depth of 4 cm with a spacing of 80 cm between
rows and 25 cm between planting holes. Subsequently, thinning was performed, allowing
3 plants per hole, ensuring a population of 150,000 plants per hectare for the semi-prostrate
variety [33]. Manual weeding was carried out fortnightly and the experiment was irrigated
daily. Regular field inspections were performed for pest management, with pesticides
applied based on recommendations to control pest and disease outbreaks.

2.5. Soil Chemical Analyses

Rhizospheric and non-rhizospheric soil samples were collected at approximately
50% flowering, 51 days after sowing. Rhizospheric soil was defined as the soil strongly
adhering to the root system after manual shaking, collected from the upper root zone
(0–10 cm), where root activity is more intense, and obtained by carefully excavating three
representative plants per plot while maintaining root integrity [34]. Non-rhizospheric
soil was collected between plants along the planting rows using an auger and stratified
into the 0–5, 5–10, and 10–20 cm soil layers. In each plot, six subsamples obtained from
three randomly selected points were composited for analysis.

Soil samples for routine chemical analyses were air-dried and sieved to <2 mm. Sub-
samples for total carbon and total nitrogen analyses were further ground and sieved to
<0.2 mm. Soil pH was measured in a 1:2.5 soil:distilled water suspension (w/v) using a pH
meter (Akso, Az Instrument Corporation, Model 86505, Taichung City, Taiwan, 2006). Aqua
regia was used for the strong acid digestion of the soil sample to determine pseudo-total
concentrations of K, Ca, and Mg, and the resulting extracts were analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES, Thermo Scientific iCAP 700, Cam-
bridge, UK). Exchangeable Al was extracted with 1 mol L−1 KCl and determined according
to the methodology described by Embrapa [28] at the National Institute for Amazonian
Research (INPA), Manaus, Brazil.

Soil organic carbon (OC) and total nitrogen (TN) were determined by wet digestion
with potassium dichromate [35] and by the Kjeldahl method [36], respectively. Oven-dried
samples were also analyzed for total C by dry combustion in a CHN elemental analyzer
(PE 2400 Series II CHNS/O, PerkinElmer, Norwalk, CT, USA). For calculation of the C/N
ratio, OC values obtained by the Walkley–Black method were used, as these were available
for all samples.

2.6. Soil Enzyme Activities and Microbial Biomass Carbon

Subsamples for enzyme activities and microbial biomass carbon were kept at field
moisture content and stored at 4–5 ◦C until analysis. Before analysis, the dry matter
concentration of the samples was determined to express enzymatic activity and microbial
biomass carbon (MBC) on a dry matter basis. β-glucosidase activity was measured by
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incubating the soil with a substrate containing a p-nitrophenyl group [37]. Cellulase activity
was determined based on the release of reducing sugars after incubating the soil with Avicel
(a purified depolymerized alpha-cellulose) for 16 h at 40 ◦C [38]. In the context of this work,
the term cellulase refers to the combined activity of endo-1,4-β-d-glucanase, exo-1,4-β-d-
glucanase, and β-d-glucosidase. All measurements were performed in quadruplicate. MBC
was determined using 0.5 mol L−1 K2SO4 solution in the chloroform fumigation method
and calculated as the difference between fumigated and non-fumigated extracts, using a
KEC factor of 0.41 [39].

2.7. Crop Assessments
2.7.1. Number of Trifoliate Leaves and Stem Diameter

Data relating to the growth of cowpea plants were obtained during the mid-flowering
stage (51 days after sowing). Three representative plants were collected per plot to assess
the number of fully expanded leaves (number of trifoliate leaves), and a caliper was used
to measure the average diameter 5 cm from the base of the shoot.

2.7.2. Grain Yield

When the cowpea pods reached physiological maturity (approximately 72 days after
sowing), they were harvested and the grains were oven-dried in a forced-air circulation
oven (Tecnal, Piracicaba, SP, Brazil) at 65 ◦C for 72 h until constant mass. Grain dry mass
was recorded for each plot and subsequently adjusted to 13% moisture content (wet basis).
Grain yield was then expressed as g plant−1 and extrapolated to kg ha−1.

2.7.3. Nutritional Status and Biomass Production

The aerial parts of the plants were dried in an oven at 60 ◦C until constant weight
before weighing the dry matter yield. The dried material was finely ground and subjected
to analyses for the determination of K, Ca, and Mg concentrations [40], and measured
using ICP-OES (ICP-OES, Thermo Scientific iCAP 700, Cambridge, UK). The plant sam-
ples were analyzed for TKN using the Automatic Kjeldahl Nitrogen Protein Analyzer
(UDK 149; VELP Scientifica Co., Ltd., Usmate, Italy). Nutrient accumulation in the shoots
was calculated by multiplying the nutrient concentration by the shoot dry biomass.

2.8. Statistical Analysis

The data were subjected to two-way analysis of variance (ANOVA), with a p-value of
5%. All data were checked for normality (Shapiro–Wilk test) and homogeneity of variance
(Levene’s test) and transformed if necessary. Means were compared using Tukey’s test
(p < 0.05). The data were subjected to multivariate analysis using principal component
analysis (PCA) to characterize the treatments under biochar and lime application. To verify
the suitability of the correlation matrix for PCA, the Kaiser–Meyer–Olkin (KMO) index was
applied, while the sphericity of the matrix was tested using Bartlett’s test, which evaluates
the hypothesis of identity of the correlation matrix. All statistical analyses were performed
in R software version 4.4.2 (R Core Team, 2024).

3. Results
The main effects of biochar (BC) and dolomitic limestone (L) factors on soil and plant

parameters are highlighted in bold (p < 0.05) in Tables S1–S5. Among these parameters, only
the variables that showed statistically significant differences were selected for presentation
in Figures 1–7, with emphasis on the effects of biochar.
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3.1. Soil Chemical Attributes

Biochar application increased soil pH and decreased exchangeable Al concentrations,
with the strongest effects observed in the rhizosphere and surface soil layers (Figure 1A,B).
In the absence of lime, biochar increased soil pH by 0.45, 0.77, and 0.52 units in the
rhizosphere (RS), 0–5 and 5–10 cm, respectively, compared with BC0 (Figure 1C), whereas
no significant pH effects were observed at 10–20 cm. No significant interaction between
biochar and lime was detected for soil pH (p > 0.05); however, the highest pH was observed
in BC12L100 at 0–5 cm (6.76). Biochar also reduced exchangeable Al as a main effect,
particularly at depth, reaching 0.54 cmol(+) kg−1 at 10–20 cm under BC12 (Figure 1D).

Lime application increased soil pH in the rhizosphere and surface layers (Figure 1E),
and reduced exchangeable Al as a main effect, with values of 0.20 cmol(+) kg−1 at 5–10 cm
under the highest lime rate, and 0.61 cmol(+) kg−1 at 10–20 cm under full lime rate (L100)
(Figure 1F). A significant interaction between biochar and lime was observed for exchange-
able Al in the rhizosphere and 0–5 cm layer (Figure 1G,H), where BC12L75 resulted in the
lowest Al concentrations (0.02 and 0.03 cmol(+) kg−1, respectively) (Figure 1G,H).

 

Figure 1. Depth distribution of soil pH (A) and exchangeable Al concentrations (B); the isolated
effects of biochar (C,D) and lime (E,F) on soil pH and exchangeable Al. The interaction effects of
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biochar and lime on exchangeable Al at rhizosphere soil (RS) (G) and soil layer 0–5 cm (H) for each
treatment 51 days after sowing. Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates (% of the
recommended rate to raise base saturation to 60%): L0 = 0, L75 = 75, and L100 = 100. Means followed
by different lowercase letters indicate significant differences among treatments according to the Tukey
test (p < 0.05). For interaction effects (G,H), lowercase letters compare lime doses within each biochar
level, while uppercase letters compare biochar levels within each lime dose. Bars represent mean
values ± standard error.

Biochar application increased K concentrations at all depths (Figure 2A), with the
strongest effects in the RS and the 0–5 cm layer, reaching values up to 0.6 g kg−1, ir-
respective of lime rate (Figure 2B). Magnesium showed depth-dependent responses to
biochar and lime application (Figure 2C). In the rhizosphere, the highest Mg was observed
under BC0L100 (1.44 g kg−1), whereas biochar application reduced Mg to 0.83 g kg−1

under the same lime rate (BC12L100) (Figure 2D). At 5–10 cm, BC12L75 and BC12L100
resulted in higher Mg concentrations than BC0L100 (Figure 2E). At 0–5 cm, Mg increased
in response to lime and biochar applied individually, while at 10–20 cm, Mg increased
only in response to lime, with no detectable effect of biochar (Figure 2F). In contrast, Ca
concentrations were affected only by liming, reaching 2.3 g kg−1 in the RS under the full
lime rate (L100) (Figure 2G).

 

Figure 2. Depth profile of soil K concentrations as affected by biochar (BC) and lime (L) (A). Main
effect of biochar on pseudo-total K concentrations in rhizospheric soil (RS) and in the 0–5, 5–10, and
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10–20 cm layers (B). Depth profile of soil Mg concentrations as affected by biochar (BC) and
lime (L) (C). Interaction effects of biochar and lime on pseudo-total Mg concentrations in rhizospheric
soil (RS) (D) and in the 5–10 cm layer (E). Main effect of lime on pseudo-total Mg concentrations (F)
and Ca concentrations (G). Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates (Mg ha−1)
(% of the recommended rate to raise base saturation to 60%): L0 = 0, L75 = 75, and L100 = 100.
Means followed by different lowercase letters indicate significant differences among treatments
according to the Tukey test (p < 0.05). For interaction effects (D,E), lowercase letters compare lime
doses within each biochar level, while uppercase letters compare biochar levels within each lime
dose. Bars represent mean values ± standard error.

3.2. Soil Microbiological Indicators

Biochar altered carbon pools and microbiological properties in a depth-dependent
manner. Biochar increased total carbon (TC) in the 0–5 and 5–10 cm, whereas organic
carbon (OC), determined by the Walkley–Black method, showed no significant treatment
effects at any depth (Figure 3A). No changes in TC or OC were detected in the 10–20 cm
layer and liming alone did not affect carbon pools across the soil profile. Biochar also
increased total nitrogen (TN) in the RS, 0–5 cm and 5–10 cm, and C/N ratios decreased in
the same layers (17% to 53%) (Figure 3B).

Figure 3. Effect of biochar on total and organic carbon contents at different soil depths (0–5, 5–10, and
10–20 cm) (A). Total carbon (TC) was determined via dry combustion, while organic carbon (OC)
was measured using the Walkley–Black method. Effect of biochar on the C/N ratio in rhizospheric
soil and in the 0–5 and 5–10 cm layers (B). Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates
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(Mg ha−1) (% of the recommended rate to raise base saturation to 60%): L0 = 0, L75 = 75, and
L100 = 100. Different letters indicate statistically significant differences between treatments within
each depth according to Tukey’s test (p < 0.05). Bars represent mean values ± standard error.

Microbial biomass carbon (MBC) responded to biochar addition in a depth-dependent
manner. The highest values occurred in RS, where no treatment effects were detected
(≈163 µg C g−1). At 0–5 and 5–10 cm, BC12L0 showed higher MBC than BC0L0, and
exceeded the lime treatments (Figure 4A,B). In contrast, at 10–20 cm, biochar reduced MBC
relative to the control (BC0) as a main effect (Figure 4C), while lime had no detectable effect.
Enzyme activity exhibited contrasting responses. β-glucosidase activity decreased in RS
and 0–5 cm under biochar, and a similar reduction was observed with liming, as a main
effect, with a reduction of 23–31% (Figure 4D,E). In contrast, biochar stimulated cellulase
activity, with increases in RS and in the 0–5 and 5–10 cm layers (20 to 34%) (Figure 4F). No
significant effect was detected for both enzymes in the 10–20 cm layer.

Figure 4. Interaction effects of biochar and lime on MBC soil layer 0–5 cm (A) and 5–10 (B). Main effect
of biochar on MBC (C) and on β-glucosidase (D). Main effect of lime in RS for β-glucosidase (E). Main
effect of biochar on cellulase activity at different soil depths (F). Biochar rates (Mg ha−1): BC0 = 0,
BC12 = 12. Lime rates (Mg ha−1) (% of the recommended rate to raise base saturation to 60%):
L0 = 0, L75 = 75, and L100 = 100. Means followed by different lowercase letters indicate significant
differences among treatments according to the Tukey test (p < 0.05). For interaction effects (A,B),
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lowercase letters compare lime doses within each biochar level, while uppercase letters compare
biochar levels within each lime dose. Bars represent mean values ± standard error.

3.3. Plant Nutrient Accumulation and Productivity

Biochar application increased cowpea aboveground biomass, stem diameter, and the
number of trifoliate leaves (Figure 5A–C). Plants under BC12 reached 78.2 g plant−1 of
aboveground biomass, exceeding BC0, with similar responses observed for stem diameter
and leaf number. Liming also enhanced vegetative growth, with aboveground biomass
reaching 77 g plant−1 and up to 24 trifoliate leaves plant−1 under the highest lime rate
(L100) (Figure 5D–F). Biochar application significantly increased potassium uptake in
the aboveground plant parts, nearly doubling K accumulation relative to BC0 (0.88 to
1.74 g plant−1), with no significant effect of lime (Figure 5G). In contrast, the highest accu-
mulations of Ca and Mg occurred at the maximum lime rate (L100), without a significant
effect of biochar (Figure 5H,I). No treatment altered plant N accumulation (p > 0.05).

 

Figure 5. Isolated effect of biochar on dry biomass (A), stem diameter (B), total leaf number (C), and
K+ (g plant −1) accumulation (G), 51 days after sowing. Isolated effect of lime on dry biomass (D),
stem diameter (E), total leaf number (F), Ca2+ (g plant −1) (H), and Mg2+ (g plant −1) accumulation (I).
Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates (Mg ha−1) (% of the recommended rate to
raise base saturation to 60%): L0 = 0, L75 = 75, and L100 = 100. Different letters indicate statistically
significant differences between treatments within each depth according to Tukey’s test (p < 0.05). Bars
represent mean values ± standard error.
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Grain yield increased in response to both amendments (Figure 6A,B). Biochar ap-
plication increased yield by 16.3% (1261.08 kg ha−1), while lime increased yield by 48%
(1372.53 kg ha−1). Although no biochar × lime interaction was detected (p > 0.05), the
highest grain yield was observed under the combined treatment BC12L100 (1459.8 kg ha−1),
approximately 13.6% higher than that obtained with the full lime rate without biochar
(BC0L100). In addition, grain yield under BC12L75 did not differ from that obtained with
the full lime rate without biochar (Table S2).

Figure 6. Main effect of biochar (A) and lime (B) on grain yield (kg ha−1). Different letters indicate
statistically significant differences between treatments according to Tukey’s test (p < 0.05). Biochar
rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates (%) (% of the recommended rate to raise base
saturation to 60%): L0 = 0, L75 = 75, and L100 = 100. Bars represent mean values ± standard error.

3.4. Multivariate Analysis and Correlation

Principal component analysis (PCA) explained 71.4%, 74.6%, and 77.4% of the total
variance in the rhizosphere (RS), 0–5 cm and 5–10 cm layers, respectively (Figure 7). In the
rhizosphere (RS), unamended soils (BC0L0) clustered with higher levels of exchangeable
Al, while biochar treatments were associated with higher levels of K, MBC, and cellulase
activity. The Pearson correlation matrix supported this pattern (Figure 7).

In the 0–5 cm layer, combined biochar and lime treatments were associated with higher
levels of K, cellulase activity, TC, pH, and grain yield, while unamended soils clustered with
higher Al. The correlation map confirmed this pattern, highlighting a positive correlation
between K and TC (r = 0.96), pH (r = 0.52), and cellulase activity (r = 0.69).

In the 5–10 cm layer, PCA differentiated the biochar treatments, which were associated
with higher levels of K, TC, Mg, and pH, while the unamended soils remained related to
higher Al. The correlation matrix showed a strong negative association between Al and K
(r = –0.51) and between Al and Mg (r = –0.86), as well as positive correlation of total carbon
with pH (r = 0.66) and Mg (r = 0.75).

These results indicate that biochar, particularly when combined with lime, pro-
moted chemical improvements up to 10 cm, reducing the toxic effect of aluminum and
increasing soil K concentration. Variables with low sampling adequacy, including MBC
in the 10–20 cm layer and β-glucosidase activity in the 5–10 cm layer, were excluded
from the PCA due to insufficient Kaiser–Meyer–Olkin (KMO) values (< 0.5), according
to Kaiser’s criterion.
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Figure 7. Principal component analysis (PCA) and Pearson correlation matrices of soil chemical
and biological attributes and yield under biochar and lime application at different soil depths.
(A,C,E) PCA biplots for rhizospheric soil (RS), 0–5 cm and 5–10 cm depths. PC1 and PC2 indicate the
percentage of explained variance. Arrows represent variable loadings. (B,D,F) Pearson correlation
heatmaps for each soil depth. Asterisks denote significant correlations (* p < 0.05; ** p < 0.01). Colors
indicate biochar doses (0 and 12 t ha−1), and symbols represent lime doses (0, 75, and 100% of the
recommended rate).

4. Discussion
4.1. Effects of Açaí Biochar on Soil Acidity and Cation Dynamics

The application of açaí biochar increased pH and reduced exchangeable Al throughout
the soil profile. In surface layers (0–10 cm), the biochar increased pH to values compa-
rable to those observed with 100% of the lime rate, reaching the ideal range for nutrient
availability (5.5–7.0) [41]. In the 10–20 cm layer, the reduction in exchangeable Al exceeded
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that achieved with 100% of the lime rate, suggesting the possible operation of distinct
amelioration mechanisms independent of classical carbonate neutralization and not reliant
on the downward mobility of lime in subsoil horizons [42,43]. Given the low calcium
carbonate equivalent value (CCE = 4.2%) and low ash content (3.8%) of the açaí biochar,
these effects are unlikely to be fully explained by conventional liming reactions and instead
appear to be consistent with processes described in the literature, such as Al3+ complexa-
tion by oxygenated groups on the biochar surface (–COOH, –OH), whose protonation and
deprotonation may increase soil buffering capacity (Acid-BC), as well as the adsorption and
coprecipitation of Al with amorphous silicates released by the biochar [44,45]. Previous
characterization of the same açaí-derived biochar (Sample S1), as reported in [24], indicated
the presence of oxygen-containing functional groups based on FTIR analysis, including
bands assigned to alcohol and ether functionalities (e.g., 1030 and 1005 cm−1), which may
act as reactive sites for sorption processes [24]. Complementary SEM and EDS analyses
further revealed a highly porous and heterogeneous surface morphology dominated by car-
bon, with low contents of inorganic elements such as Ca. Although these features were not
directly assessed in the present study, they are consistent with low intrinsic liming capacity
and suggest a potential for surface-mediated interactions [24]. The dissociation between pH
and Al at further depth may indicate the migration of soluble organic compounds from the
biochar capable of complexing Al3+, or the leaching of exchangeable bases from the surface
layers to the subsoil [9,46]. Such non-carbonate mechanisms may contribute to greater
functional resilience of highly weathered soils, where subsoil acidity often constrains root
development and nutrient uptake.

Biochar increased pseudo-total K concentrations by 3 to 5 fold, reaching up to 20 cm in
depth, a result consistent with its high intrinsic K content and the formation of soluble and
exchangeable K fractions at moderate pyrolysis temperatures [47]. The porous structure,
surface area, and high cation exchange capacity of biochar likely enhanced nutrient reten-
tion and moderated leaching, while potential stimulation of K-solubilizing microorganisms
may have further contributed to this enrichment [48]. In K-deficient acidic soils, biochar
can increase K-solubilizing bacteria and allow reductions of up to 40% in K fertilizer inputs,
with long-term impacts on microbial community structure persisting for at least four years
after application [49,50].

In contrast, biochar did not alter pseudo-total Ca concentrations and their dynamics
were dominated by liming. The Mg content in the soil decreased in the combination of
biochar with the maximum lime rate, an effect explained by the antagonism and ionic
competition between K, Ca, and Mg [51,52]. Some studies report an increase in magnesium
and calcium in the soil after biochar incorporation [14,53], while reductions in the release of
these ions have also been described [53], as well as the absence of significant changes [54].
The discrepancies in the results are due to the properties of the raw materials used, in
addition to the type and temperature of pyrolysis, application strategies, soil type, and time
spent evaluating the application of biochar to the soil [55,56]. Overall, biochar primarily
affected soil pH, exchangeable Al, and K, whereas Ca and Mg were mainly controlled by
liming, with Mg showing variable responses under combined application. Thus, the initial
hypothesis was only partially supported, as the expected increases in Ca2+ and Mg2+ did
not occur. Collectively, these findings indicate that açaí biochar mitigates Al toxicity and
enhances K supply, offering important implications for improving fertility management
in highly weathered tropical soils under conditions of nutrient imbalance. It is important
to note that, despite the agronomic benefits of açaí-waste biochar, its practical application
may depend on production systems and application strategies, as suggested by previous
economic assessments [57].
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4.2. Açaí Biochar Enhances Microbial Biomass and Selectively Regulates Carbon Dynamics and
Cycling Enzymes in Tropical Ferralsols

Açaí biochar induced shifts in microbial activity and carbon dynamics in the upper
soil profile. Increases in total carbon (TC), without an effect on organic carbon (OC) esti-
mated by the Walkley–Black method, may indicate the predominance of recalcitrant carbon
fractions, consistent with the low H/C and O/C ratios of the biochar material [34,58,59].
This apparent discrepancy likely reflects methodological limitations, as the Walkley–Black
method is based on dichromate oxidation and incompletely recovers recalcitrant carbon
fractions such as pyrogenic carbon [60]. Moreover, this method primarily quantifies easily
oxidizable carbon and may not adequately represent total soil organic carbon in systems en-
riched with stable carbon inputs, whereas dry combustion provides a more comprehensive
estimate of total carbon [61]. Therefore, the absence of detectable changes in OC should
not be interpreted as a lack of carbon accumulation, but rather as a limitation in detecting
biochar-derived carbon. In this context, total carbon (TC) likely provides a more reliable
indicator of carbon accumulation in biochar-amended soils. Estimates suggest that up to
97% of the added TC corresponds to recalcitrant C, reinforcing the long-term persistence
and stability of biochar in the soil [24,62]. No effects were detected at 10–20 cm, suggesting
the limited vertical mobility of biochar in the soil profile [13].

Despite its chemical stability, biochar application was associated with increased mi-
crobial biomass carbon (MBC) in the 0–10 cm layers, a response commonly reported in
acidic soils with nutritional limitations [63,64]. Microbial responses may be associated
with physicochemical attributes of biochar, including its carbon content, mineral compo-
sition, and porosity and with soil conditions such as pH and organic C [65]. The positive
correlations between MBC, soil pH, pseudo-total of K, and TC are consistent with this
interpretation and may reflect improved nutrient status and the creation of favorable micro-
bial colonization niches [66]. In contrast, no significant MBC response was detected in the
rhizosphere, which already exhibited the highest MBC values, likely reflecting the strong
influence of root-driven microbial activity [67].

Biochar also induced a functional divergence in soil enzymatic profiles, with increased
cellulase activity and decreased β-glucosidase activity. Cellulase activity increased and may
be associated with greater carbon substrate availability and the potential co-localization
of enzymes and substrates on biochar surfaces [68], reinforced by strong correlations with
soil TC. The positive correlation with pseudo-total of K may indicate enhanced micro-
bial activity in response to nutrient retention and availability associated with the biochar
application [69]. In contrast, the decrease in β-glucosidase activity may be related to in-
creased soil pH, improved microbial carbon-use efficiency in the microenvironment formed
at the biochar–soil interface (“biochar-sphere”), or to the potential sorption of enzymes,
substrates, or reaction products on biochar surfaces [63]. This response is also consistent
with the predominance of recalcitrant carbon forms, which may limit the availability of
easily degradable substrates required for β-glucosidase activity. The strong negative corre-
lation between β-glucosidase activity and soil pH further suggests a possible pH-driven
suppression, a mechanism widely documented for this enzyme mainly under less acidic
conditions [68,70]. The opposite behavior of cellulase and β-glucosidase may indicate
that biochar selectively modulated enzymatic activities involved in carbon degradation.
However, given that microbial community composition and substrate availability were
not directly assessed, further studies incorporating temporal dynamics and microbial
interactions are required to better elucidate these processes [71].

The reduction in the C/N ratio in the same layers where MBC and cellulase increased
may indicate changes in microbial carbon and nitrogen dynamics, potentially associated
with shifts in substrate utilization and microbial activity. These patterns may also be in-
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fluenced by the limited recovery of biochar-derived carbon by the Walkley–Black method.
In this legume-based system, additional nitrogen inputs from biological fixation likely
contributed to this N enrichment, alleviating microbial N limitation and allowing more effi-
cient use of carbon substrates [72,73]. Overall, these results suggest that biochar application
may promote a partial dissociation between carbon accumulation and short-term micro-
bial responses, possibly associated with shifts in carbon quality, nutrient availability, and
microhabitat conditions in highly weathered tropical Ferralsols. Taken together, biochar
effects were depth-dependent, characterized by increases in TC and MBC in surface layers,
no detectable changes in OC as determined by the Walkley–Black method, and a selective
divergence in enzymatic activities, indicating shifts in carbon quality and microbial func-
tioning. These findings support hypothesis (ii), as açaí biochar increased microbial biomass
and selectively modulated enzymatic activities involved in carbon cycling.

4.3. Potential of Açaí Biochar to Improve Cowpea Performance and Reduce Lime Dependency

The application of açaí biochar substantially improved cowpea growth and nutritional
status, even in the absence of lime. Increases in aboveground biomass, stem diameter, and
number of trifoliate leaves under biochar were comparable to those observed under the
full lime rate. Similar increases in legume biomass following biochar application have
been documented previously [74] and are commonly attributed to improvements in soil
chemical conditions, stimulation of microbial processes, and increases in K retention and
uptake [47,48].

Potassium was the nutrient most responsive to biochar application. Plant K uptake
nearly doubled in BC12 relative to BC0, with no effect from lime, reflecting the high soil K
concentrations promoted by açaí biochar. In contrast, Ca and Mg accumulation in cowpea
was primarily driven by liming, consistent with dolomitic lime as the dominant source
of these cations in highly weathered Ferralsols [6,75]. Although açaí biochar increased
soil Mg concentrations, this effect was not translated into greater plant uptake, likely
due to antagonistic interactions among K, Ca, and Mg at root absorption sites [76]. Such
competitive relations are well documented in tropical crops, where high K availability
enhances tissue K but reduces Mg translocation to shoots [76,77]. Magnesium levels
remained within adequate ranges and no deficiency symptoms were observed [78]. Plant
N accumulation was not affected by any treatment, consistent with evidence that biochar
does not necessarily enhance N assimilation in legume crops [74].

Although biochar and lime acted additively rather than interactively, their com-
bined application resulted in the highest cowpea grain yield. The BC12L100 treatment
produced grain yield approximately 13.6% higher than that obtained with the full lime
rate without biochar (BC0L100). Importantly, grain yield under BC12L75 did not dif-
fer from that obtained under BC0L100, indicating that biochar application allowed a
25% reduction in lime rate without yield penalties under the conditions of this study.
Nevertheless, achieving maximum yield still required the full lime rate in combination
with biochar, reinforcing a complementary, but not fully substitutive, role of biochar
relative to liming. Taken together, biochar primarily enhanced plant growth and K
nutrition, whereas liming controlled Ca and Mg accumulation, and their combined
application maximized grain yield, indicating complementary but not fully substitutive
effects. These results partially support hypothesis (iii), demonstrating that açaí biochar
improved plant growth and grain yield and allowed a partial reduction in lime input,
although maximum productivity was achieved only when biochar was combined with
the full lime rate. Similar additive responses to combined soil amendments have been
reported in tropical agroecosystems, where different inputs act through partially distinct
mechanisms affecting soil fertility and crop performance [45,79].
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The potential of açaí biochar to reduce mineral fertilizer inputs was not directly
evaluated, as all treatments received the same rates of mineral N, P, and K fertilization.
Therefore, while biochar substantially increased soil and plant K, the present results do
not allow conclusions regarding the substitution of mineral fertilizers. Future studies
should explicitly evaluate reduced K fertilization rates and combined reductions in lime
inputs to quantify nutrient-use efficiency and the potential for input substitution under
field conditions in acidic tropical soils. Furthermore, the selected rate (12 Mg ha−1) was
based on agronomic relevance and field applicability; however, a broader range of biochar
application rates should be explored to better characterize response curves and refine
recommendations for tropical Ferralsols under different management conditions.

5. Conclusions
The application of açaí biochar reduced soil acidity and exchangeable Al, significantly

improving soil fertility and cowpea performance in highly weathered tropical soils. When
combined with liming, biochar promoted additive effects on acidity correction, resulting in
the highest grain yields under the full lime rate. Biochar application also increased pseudo-
total K concentrations, enhanced total soil carbon, and modulated microbial functioning by
increasing microbial biomass carbon and cellulase activity.

Overall, the initial hypotheses were partially supported. Biochar increased soil pH,
reduced exchangeable Al and enhanced K availability, but did not significantly affect
Ca and Mg, which were primarily influenced by liming. In addition, biochar enhanced
microbial biomass and selectively modulated enzymatic activities involved in carbon
cycling. Improvements in plant growth and grain yield, together with the possibility of
reducing lime input without yield penalties, highlight the agronomic potential of açaí
biochar, although it did not fully replace liming.

Collectively, these findings demonstrate that açaí biochar acts as a complementary
soil amendment, contributing to nutrient supply, particularly K, chemical amelioration of
soil acidity and the regulation of soil microbial process. Overall, the results demonstrated
that açaí biochar, applied alone or in combination with lime, represents a sustainable
management strategy to improve soil fertility, nutrient status, and crop productivity in
acidic tropical systems. By valorizing regional agro-industrial residues, this approach
supports the Amazonian bioeconomy, improving soil functional resilience, and contributes
to soil conservation and potential climate-mitigation pathways. Future research should
focus on evaluating a wider range of biochar application rates, long-term field performance,
and the potential for reducing mineral fertilizer inputs under tropical conditions to better
define sustainable management strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy16131246/s1, Figure S1: The annual radiation at the study
area in 2022; Figure S2: Representation of the experimental area used in the study. (A) Randomized
block design with six treatments (T1–T6) and four replicates. (B) Plant arrangement scheme with
indication of the effective plot (orange rectangle). (C) Furrow preparation for soil amendment
application. (D) General view of the experimental field during cowpea (Vigna unguiculata L. Walp)
development; Table S1: The p-values and coefficients of variation (CV) for variables evaluated in a field
experiment with cowpea (Vigna unguiculata) grown on a Ferralsol, soil and plant variables (51 days
after sowing) and yield (72 days after sowing), under biochar and lime application; Table S2: Grain
yield of cowpea (Vigna unguiculata (L.) Walp.) grown in a Ferralsol under biochar and lime application,
72 days after sowing. Different uppercase letters indicate no significant differences between biochar
rates within each lime level, whereas different lowercase letters indicate significant differences among
lime rates within each biochar level (Tukey’s test, p < 0.05); Table S3: Soil chemical attributes under
biochar and lime application at different soil depths. Values represent mean ± standard deviation.
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RS = rhizosphere. Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime rates (Mg ha−1) (% of the
recommended rate to raise base saturation to 60%): L0 = 0, L75 = 75, and L100 = 100; Table S4:
Soil carbon fractions and microbial activity under biochar and lime application at different soil
depths. Values represent mean ± standard deviation. RS = rhizospheric soil. Biochar rates (Mg ha−1):
BC0 = 0, BC12 = 12. Lime rates (Mg ha−1) (% of the recommended rate to raise base saturation to
60%): L0 = 0, L75 = 75, and L100 = 100. Table S5: Growth, nutrient accumulation, biomass, and grain
yield of cowpea under biochar and lime application. Values represent mean ± standard deviation.
TLN = total leaf number; SD = stem diameter. Biochar rates (Mg ha−1): BC0 = 0, BC12 = 12. Lime
rates (Mg ha−1) (% of the recommended rate to raise base saturation to 60%): L0 = 0, L75 = 75, and
L100 = 100.
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