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Abstract
Biochar application is strategic to improve soil quality and productivity. However, the effects of biochar produced from sew-
age sludge with cashew pruning biomass; and cashew bagasse on the physical attributes of degraded soils in arid regions 
remain unclear. The hypotheses were: (1) biochars from the co-pyrolysis of sewage sludge and cashew pruning (SSPB) and 
cashew bagasse (CBB) improve the physical quality of degraded soil and maize growth; (2) SSPB, richer in nutrients, facili-
tates better maize growth compared to CBB; (3) for each biochar, there is an optimal rate to improve soil physical quality 
and maize growth. We collected samples in the 0–10 cm layer of a Planosol from a desertification nucleus. The experiment 
was conducted in a greenhouse with a completely randomized design in a factorial scheme 2 × 4 + 1 (two biochars: SSPB and 
CBB; four doses: 5, 10, 20, and 40 Mg ha⁻1; and a control), totaling 36 experimental units. Water demand, plant development, 
and soil physical attributes were assessed. During incubation, SSPB at 5 and 10 Mg ha⁻1 reduced available water capacity 
(AWC) by 25% compared to the control. In post-cultivation, SSPB reduced penetration resistance and increased aggregate 
stability. CBB increased AWC by 30% and reduced water demand by 40% at 9 Mg ha⁻1. SSPB reduced bulk density by 4% at 
22.6 Mg ha⁻1. SSPB improved soil physical quality significantly, while CBB optimized water use efficiency. Recommended 
doses are 20–25 Mg ha⁻1 for SSPB and 9 Mg ha⁻1 for CBB.
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1  Introduction

Soil has well-defined ecosystem functions, such as provid-
ing physical support for plants and acting as a reservoir 
of essential nutrients, water, and oxygen for developing 
plants and animals (Koorneef et al. 2024). However, such 
functions can be compromised by the degradation pro-
cess, which can occur not only due to adverse climatic 
conditions but also due to human activities, particularly 
improper land use. In drylands, environmental conditions 
make the soil more susceptible to degradation. Inadequate 
management of this resource, such as overgrazing, leads to 
the loss of vegetation and depletion of soil water resources, 
ultimately compromising the land's biological potential 
and accelerating desertification (Silva et al. 2023).

A strategy to enhance the physical-hydrological attrib-
utes of soil is the use of conditioners. Biochar, a soil 
conditioner gaining prominence, can improve the soil's 
physical, chemical, and biological properties, optimiz-
ing conditions for plant growth when applied to the soil. 
Notably, these products promote the formation of stable 
aggregates, which contribute to improving soil structure 
by increasing porosity and permeability to water and air 
flows. Additionally, they can enhance the soil's water 
retention capacity (Costa et al. 2022). This is particularly 
important in dry lands, as plants can access water stored 
in the soil pores.

The pyrolysis process generates forms of organic carbon 
in aromatic ring structures, which play a crucial role in the 
properties of biochar (Kloss et al. 2012). The composition 
of the biomass used as raw material for pyrolysis directly 
influences the formation of these aromatic structures, affect-
ing the physical and chemical attributes of the carbonaceous 
material, such as porosity, specific surface area, pH, and 
cation exchange capacity (Kumar et al. 2020).

Co-pyrolysis refers to biochar produced from the pyrol-
ysis of biomass mixed with another biomass, aiming to 
improve the product's physical and chemical properties 
(Goldan et al. 2022). Research is being conducted using 
the co-pyrolysis of lignocellulosic biomass with the addi-
tion of another biomass to absorb and immobilize heavy 
metals (Li et al. 2021). The International Biochar Initiative 
(IBI) defines maximum allowable heavy metal concentra-
tions in biochar for agricultural applications, including 
lead (300 mg kg⁻1), cadmium (39 mg kg⁻1), chromium 
(1200 mg kg⁻1), copper (6000 mg kg⁻1), nickel (420 mg 
kg⁻1), zinc (7400 mg kg⁻1), and mercury (17 mg kg⁻1), to 
mitigate soil contamination risks and ensure crop safety 
(IBI, 2015). Thus, the co-pyrolysis of sewage sludge with 
lignocellulosic biomass presents a promising alternative 
to produce a soil conditioner with safe and advantageous 
properties, aligning with IBI thresholds.

Biochar amendment has been extensively studied for 
its potential to enhance various soil physical properties. 
Research indicates that biochar application can significantly 
improve soil physical quality, including increasing water 
retention (by 4% to 130%) and porosity (by 14% to 64%), 
while simultaneously reducing bulk density (by 3% to 31%), 
thereby promoting overall soil health (Blanco-Canqui 2017). 
Additionally, biochar derived from specific feedstocks, such 
as cashew residue, has been shown to decrease maximum 
shear stress by 22.3%, further contributing to improved soil 
structure (Nascimento et al. 2024).

Co-pyrolysis, a promising thermochemical conversion 
technology, involves the simultaneous pyrolysis of two or 
more different biomass feedstocks to produce biochar with 
tailored properties (Fakayode et al. 2020). The character-
istics of the resulting biochar are highly dependent on the 
pyrolysis parameters employed, such as temperature ramping 
rates and gas flow, as well as the specific biomass combina-
tions used, which can create synergistic effects that enhance 
porosity, surface area, and nutrient content compared to bio-
char produced from a single feedstock (Cao et al. 2024). 
Further research into optimizing co-pyrolysis parameters and 
exploring diverse biomass combinations is crucial for maxi-
mizing the benefits of this technology for soil amendment.

Studies have demonstrated that the application of bio-
char derived from the co-pyrolysis of sewage sludge sup-
plemented with cashew tree residues and cashew bagasse 
contributed to the restoration of microbial biomass and 
enzymatic activity in degraded dryland areas (Barbosa et al. 
2024). Another study revealed that the application of cashew 
bagasse biochar promoted improvements in the physical 
attributes of soils with cohesive characteristics (Nascimento 
et al. 2024).

Thus, this study addresses critical knowledge gaps in the 
literature. Despite extensive research on biochar applica-
tions, little is known about the specific effects of biochars 
derived from the co-pyrolysis of sewage sludge with cashew 
pruning and from cashew bagasse on soil degraded by over-
grazing. Furthermore, while previous studies have often 
focused on field experiments, the controlled conditions of a 
greenhouse pot experiment allow for a more precise isolation 
of biochar effects on soil physical properties. By compar-
ing different biochar treatments with a control, this research 
not only clarifies these underexplored mechanisms but also 
offers valuable insights for mitigating the environmental 
impacts of improper residue disposal and enhancing soil 
quality and crop productivity.

Based on the above, the following hypotheses were estab-
lished: (1) biochars from the co-pyrolysis of sewage sludge 
and cashew pruning (SSPB) and cashew bagasse (CBB), due 
to their porous structure capable of storing water and being 
chemically active to promote particle aggregation, improve the 
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physical quality of degraded soil and maize growth; (2) SSPB, 
being richer in nutrients, facilitates better maize growth com-
pared to CBB; (3) for each biochar, there is an optimal dose to 
improve the physical quality of soil undergoing degradation 
and the growth of maize.

In this context, the objective was to evaluate soil physical 
attributes (bulk and particle density, soil resistance to root pen-
etration, water retention curve, tensile strength, and aggregate 
stability) and morphometric attributes of maize plants (height, 
culm diameter, and dry mass of aerial part, roots, and total).

2 � Material and Methods

2.1 � Collection of Soil Samples and Location.

We collected samples from the 0–10 cm layer in a Pla-
nosol (IUSS Working Group WRB 2022), degraded by 

overgrazing, in a desertification nucleus in the municipality 
of Irauçuba, Ceará (Fig. 1). This depth was chosen because 
the topsoil represents the most dynamic region of the soil, 
where most of the root activity, organic matter accumulation, 
and nutrient cycling occur (Tang et al. 2023). The soil was 
air-dried until it reached equilibrium with ambient moisture, 
then crushed with a roller and passed through a 2 mm mesh 
sieve to obtain air-dried fine earth. The soil attributes are 
presented in Table 1.

2.2 � Experimental Design, Treatments, Biochars, 
and Assembly of Experimental Unit

A completely randomized design was used, arranged in a 2 
× 4 + 1 factorial scheme (two biochars: co-pyrolysis of sew-
age sludge and cashew pruning – SSPB and cashew bagasse 
– CBB; four doses: 5, 10, 20, and 40 Mg ha−1, and a control 

Fig. 1   A series of maps 
(WGS84) from Brazil to Ceará 
State, highlighting Fortaleza 
and the desertification nucleus 
of Irauçuba. The white circle 
indicates the soil‑sampling site 
(0–10 cm depth; Planosol, IUSS 
Working Group WRB 2022) 
degraded by overgrazing; the 
red circle indicates the Soil 
Science Department, Federal 
University of Ceará (UFC), For-
taleza. Coordinates are shown 
in degrees

Table 1   Soil physical and 
chemical characterization

P Extracted with Mehlich, SB Sum of bases, T Cation exchange capacity at pH 7.0, V Base saturation, and 
C Organic carbon extracted with potassium dichromate. Ca2+, Mg2+, and Al3+: extracted with KCl; H+ + 
Al3+: extracted with calcium acetate

Layer (cm) Sand Silt Clay

0–10 76 17 7
pH
H2O

CE P Ca2+ Mg2+ K+ Na+ Al3+ H+ + Al3+ SB T V C
dS m−1 Mg kg−1 ––––––––––––– cmolc kg−1 ––––––––––––– % g kg−1

5.1 0.03 8.44 6.97 0.46 0.09 0.08 0.54 2.52 7.52 10.04 74.90 6.07
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treatment), with four replications, totaling 36 experimental 
units.

Each experimental unit consisted of a Polyvinyl Chlo-
ride (PVC) column (20 cm in diameter, 50 cm in height), 
and in the biochar treatments, the conditioner was mixed 
with the soil homogenously before setting up the column.

During the assembly of the experimental units, a soil 
bulk density of 1.55 g cm−3 was used. According to Lima 
et al. (2024), bulk density in overgrazed areas where the 
soil was collected reaches a value of 1.85 g cm−3; how-
ever, considering the incorporation of biochar with plow-
ing and subsequent harrowing, the density is reduced, so 
a value of 1.55 g cm−3 was considered. Each column was 
filled with soil from the desertification nucleus with the 
biochar already incorporated according to the treatments 
studied in this work (for column assembly, soil passed 
through a 4 mm mesh sieve). While a constant soil bulk 
density of 1.55 g cm⁻3 was employed to ensure analytical 
consistency, it is important to note that soil bulk density 
inherently varies due to differences in soil composition, 
management practices, and climatic influences (Logsdon 
2012), which may limit the direct extrapolation of these 
results to heterogeneous field conditions.

The biochar doses were determined based on Major 
(2010), who reported studies demonstrating positive 
effects with doses between 5 and 50 Mg ha−1. Based on 
this, the initial dose was set at 5 Mg ha−1, progressively 
doubling to 10, 20, and finally, 40 Mg ha−1, keeping the 
doses below the upper limit mentioned in the literature.

For the SSPB treatment, sewage sludge from an upflow 
anaerobic sludge blanket reactor at a domestic wastewater 
treatment plant in Fortaleza, Ceará, Brazil, was co-pyrolyzed 
with cashew pruning residues at a 1:1 mass ratio to mitigate 
potential heavy metal contamination risks. For the CBB 
treatment, cashew bagasse was obtained from a cashew-
producing farm in Aracati-CE, Brazil. Both biomasses were 
subjected to pyrolysis under a controlled atmosphere using 
a moderate flow of nitrogen as carrier gas. A heating rate of 
10 °C min⁻1 was employed, and the target temperature of 
500 °C was reached. Notably, the pyrolysis duration varied 
between the treatments: the co-pyrolysis process for SSPB 
lasted 1 h and 37 min, while for CBB, pyrolysis extended 
to 3 h and 10 min. After reaching the final temperature, the 
samples were allowed to cool under the continuous flow of 
nitrogen to prevent oxidation. The characterization of the 
resulting biochars is presented in Table 2.

Following standard fertilization and soil amendment 
recommendations for maize (Zea mays L.) in Ceará State 
(Fernandes et al., 1993), nutrient applications were tai-
lored based on initial soil chemical characteristics 
(Table 1). Before sowing, basal fertilization was applied 
to each soil column, consisting of single superphosphate 

(4.436 mg), potassium chloride (421 mg), and urea (840 
mg). Supplemental fertilization was subsequently pro-
vided in two equal applications at 25 and 45 days after 
emergence (DAE), each containing potassium chloride 
(210 mg) and urea (838 mg). Given the observed Ca:Mg 
imbalance (with calcium concentrations disproportion-
ately higher than magnesium), soil correction was imple-
mented through magnesium sulfate application to opti-
mize the cation ratio.

2.3 � Conduct of the Experiment

The experiment was conducted in a greenhouse located 
at coordinates 3°44′38.87"S and 38°34′31.34"W, in For-
taleza, Ceará, Brazil. The study was carried out with 
temperature maintained at 27 °C (reaching 35 °C during 
the hottest periods), and humidity control, maintained at 
80%. After the columns were assembled and the biochar 
applied, the soil was maintained for 30 days to incubate 
the biochar with moisture between field capacity and a 
maximum consumption of 30% of the available water 
capacity (AWC). The incubation period was implemented 
to facilitate the development of structural modifications 
that could be detected using the soil quality indicators 
(Nascimento et al. 2024). AWC was calculated consider-
ing field capacity (matric potential of −10 kPa) and the 
permanent wilting point (matric potential of −1500 kPa). 
Soil water matric potential was monitored for irrigation 
management using tensiometers with a mercury manom-
eter (one tensiometer in each column at a depth of 20 
cm); distilled water was used to meet the water demand.

After biochar incubation, three maize seeds (variety BRS 
2022) were sown per column, with subsequent thinning to 
maintain only the most vigorous plant. Irrigation management 
during the cultivation period was the same as described for 
the incubation period.

At the end of the experiment, samples were collected from 
the center of the 0–10 cm layer (i.e., between 2.5 and 7.5 cm) 
from each column. Both non-preserved samples (for particle 
density analysis) and preserved samples (using a volumetric 
ring of 5 cm in height and 5 cm in diameter) were taken to 
determine soil bulk density, soil–water retention curve, and 
soil penetration resistance, ensuring uniformity across all 
experimental units. Additionally, aggregates were collected 
for tensile strength and stability analyses.

2.4 � Soil Analysis

2.4.1 � Particle Size Distribution

The clay fraction was quantified using the pipette method, 
sand by sieving, and the silt fraction by considering the 
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total mass of the soil sample used for analysis minus the 
sum of the sand and clay fractions. Sodium hydroxide 
(NaOH) 1 mol L−1 was used for the chemical dispersion 
of the particles (Gee and Bauder 1986).

2.4.2 � Particle Density

It was determined using the volumetric flask method, 
utilizing oven-dried fine soil (105 °C) and ethyl alcohol, 

Table 2   Characterization of the 
pyrolytic biochars used in the 
study

ND Not determined, as the levels in the precursor sewage sludge were below the detection limit
*Standard deviation not calculated (n = 1). (±) Standard deviation (n = 3). For the quantification of nutrient 
levels in the biochars, the extracts were obtained as suggested in Enders and Lehmann (2012)—(Modified 
dry ash). After extraction, the P content was determined by the colorimetric method of the molybdovana-
dophosphoric acid (MAPA). The P content was estimated using a spectrophotometer at 400 nm. The levels 
of Ca, Mg, Cu, Fe, Mn, Mo, Zn, Al, Cd, Pb, and Cr were analyzed by ICP-OES, and K and Na by flame 
photometry. EC and pH were obtained according to the protocols described in Rajkovic et al. 2011. The 
determination of immediate analysis: moisture, volatile solids, ash, and fixed carbon followed the method-
ology described in ASTM D'1762–8. EC – Electrical conductivity, BD – Bulk density. The granulometry 
of the biochars was classified according to IBI (2015)

Attributes Sewage sludge biochar added with 
cashew pruning residue

Cashew bagasse biochar

Granulometry (mesh)*
  1.0 to 2.0 mm (%) 52.50 31.46
  1.0 to 0.5 mm (%) 21.50 38.38
  0.5 to 0.25 mm (%) 13.75 19.12
  0.25 to 0.105 mm (%) 8.37 8.54
  0.105 to 0.053 (%) 2.24 1.95

   < 0.053 mm (%) 1.64 0.55
  BD (g cm3) 0.28 ± 0.004 0.55 ± 0.004
  EC (mS cm−1) 0.8 ± 0.100 2016.6 ± 28.67
  pH 9.1 ± 0.100 9.61 ± 0.003
  Moisture (%) 1.9 ± 0.200 1.74 ± 0.200
  Volatile matter (%) 31.2 ± 0.700 43.27 ± 1.600
  Ash content (%) 51.2 ± 1.900 22.65 ± 1.100
  Fixed carbon (%) 15.6 ± 1.500 32.27 ± 1.140
  C (g/kg) 348 ± 9.000 480.10 ± 34.00
  N (g/kg) 24.45 ± 0.200 27.09 ± 0.060
  P (g kg−1) 17.1 ± 2.500 11.62 ± 0.262
  K (g kg−1) 6.1 ± 0.600 7.708 ± 0.271
  Ca (g kg−1) 19.3 ± 2.800 1.948 ± 0.224
  Mg (g kg−1) 7.3 ± 1.100 4.538 ± 0.177
  Cu (g kg−1) 0.17 ± 0.020 0.051 ± 0.001
  Fe (g kg−1) 15.3 ± 2.400 0.768 ± 0.141
  Mn (g kg−1) 0.39 ± 0.030 0.045 ± 0.001
  Mo (g kg−1) 0.01 ± 0.001 0.001 ± 0.0001
  Zn (g kg−1) 1.39 ± 0.220 0.059 ± 0.015
  Na (g kg−1) 4.09 ± 0.440 0.353 ± 0.027
  Al (g kg−1) 26.8 ± 4.160 1.353 ± 0.252
  Cd (g kg−1) 0.001 ± 0.001 ND
  Pb (g kg−1) 0.016 ± 0.001 0.001 ± 0.00005
  Cr (g kg−1) 0.040 ± 0.005 0.002 ± 0.0002
  Ni (g kg−1) 0.023 ± 0.002 0.004 ± 0.00009
  Ba (g kg−1) 0.221 ± 0.017 0.011 ± 0.001
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where the principle is to determine the volume of alcohol 
used to fill a 50 mL volumetric flask containing 20 g of 
oven-dried fine soil (Blake and Hartge 1986a).

2.4.3 � Bulk Density

It was measured using the volumetric ring method, calculat-
ing the ratio between the mass of soil dried at 105 °C and the 
volume of the ring (Blake and Hartge 1986b).

2.4.4 � Total Porosity

Total porosity (α) was calculated using the soil bulk density 
(BD) and particle density (PD) data, using Eq. 1

2.4.5 � Soil Water Retention Curve

The water content at saturation (matric potential equal to 
0 kPa) was considered equal to the total soil porosity (α, 
m3 m⁻3); in addition to the saturation point, the soil water 
content was considered in equilibrium with the following 
matric potentials: −2, −4, −6, −8, −10, −33, −100, −700, 
and −1500 kPa. After obtaining the soil moisture values at 
all points, the data were fitted to the mathematical model 
proposed by van Genuchten (1980), Eq. 2,

in which: θ is the water content (m3 m−3); θr and θs are 
the residual and saturated water contents, respectively (m3 
m−3); ϕm is the matric potential of soil water (kPa); α is the 
inverse of the air entry matric potential (kPa−1); m and n are 
fitting parameters related to the shape of the curve. The data 
were fitted using the SWRC (Soil Water Retention Curve) 
program, following the Newton–Raphson iterative method, 
with m dependent on n (Dourado Neto et al. 2001).

This procedure was carried out at two points during the 
experiment: first, during the pre-incubation period, with 
biochar doses incorporated into the soil using unpreserved 
structure material; and second, at the end of the experiment, 
after 90 days (30 of incubation and 60 of cultivation), when 
samples were collected in volumetric rings, thus maintaining 
the preserved structure.

2.4.6 � Soil Penetration Resistance

It was determined using preserved structure samples with 
moisture equilibrated at a matric potential of −33 kPa. An 

(1)� = 1 − BD∕PD

(2)� = �r +
�s − �r

[1 + (�||�m
|| )

n
]m

electronic static laboratory penetrometer equipped with a 
linear actuator system was used. It operated at a speed of 
1 cm min⁻1, featured a 20 kgf load cell, and included a rod 
with a cone having a base diameter of 0.4 cm, a 60° angle, 
and an area of 12.566 mm2. This equipment records one 
reading per second. The penetrometer is connected to a 
computer for data collection via the equipment's software 
(Tormena et al. 1998). The procedure involves obtaining 
an average value representing the penetration resistance for 
each soil sample analyzed.

2.4.7 � Tensile Strength of Aggregates

To analyze the tensile strength (TS) of aggregates, equip-
ment with a linear electronic actuator at a constant speed 
of 0.03 mm s⁻1 was used (Tormena et al. 2008). Aggregates 
with a diameter between 19 and 25 mm were used; subse-
quently, the clods were weighed on an electronic balance. 
After this step, the clod was positioned as stably as possible 
between the two metal plates (lower and upper) of the equip-
ment, which has a 20 kgf load capacity. The load value used 
to break the aggregate was recorded through an electronic 
data acquisition system. A portion of this aggregate was 
then collected and dried at 105ºC to determine the sample's 
residual moisture content.

Tensile strength was estimated according to Dexter and 
Kroesbergen (1985), using Eq. 3,

in which TS is the tensile strength of the clod (kPa), 0.576 is 
the proportionality constant relating the applied compressive 
stress to the tensile stress generated within the clod, P is the 
applied force (N), and D is the effective diameter of the clod 
(m); 103 is the conversion factor from Pa to kPa.

The effective diameter of the clod was measured using 
Eq. 4 (Watts and Dexter 1998),

where Dm is the average diameter of the clods [(25 + 19)/2, 
em mm], explained by the average size of the sieve openings, 
M is the mass of the individual clod dried at (g), and Mo is 
the average mass of the clods dried at 105 °C (g).

2.4.8 � Aggregate Stability

It was determined using the wet sieving method to meas-
ure the quantity and size distribution of water-stable 
aggregates compared to those that disintegrated during the 
sieving process (Kemper and Rosenau 1986). The equip-
ment used for sieving was a vertical electric oscillator, 

(3)TS =
(0,576P)

D210
3

(4)D = Dm

(
M

M0

)0.333
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which holds two sets of sieves with mesh openings of 
4.76, 2.0, 1.0, 0.5, and 0.25 mm. The mass of aggregates 
retained in each sieve was expressed in five diameter 
classes (7.93–4.76 mm, 4.76–2.00 mm, 2.00–1.00 mm, 
1.00–0.50 mm, and 0.50–0.25 mm), allowing the estima-
tion of the percentage of stable aggregates in each class 
according to Eq. 5,

where %SA is the percentage  of stable aggregates per 
class; Ma is the mass of apparent aggregates in the class, 
Mp is the mass of primary particles in the class, Ms is the 
mass of aggregates in the initial sample (25 g), and Mw is 
the mass of water in the initial sample.

The mean weight diameter (MWD), considered an index 
of soil aggregation (van Bavel 1950), was calculated by sum-
ming the products of the mean diameter (Xi) and the fraction 
(Wi) of stable aggregates in each class, Eq. 6,

2.5 � Plant Analysis

At the end of the experiment, when the plants reached the 
pollination stage, R1 – silking, characterized by the pres-
ence of visible stigmas, the following parameters were 
evaluated: culm height and plant height, measured with 
a tape from the soil surface to the top of the last culm 
and the apex of the last emitted leaf, respectively; culm 
diameter, measured with a digital caliper, using the aver-
age value from three measurements. The plants and roots 
were collected separately, placed in paper bags, and dried 
in an oven at 65 °C until a constant mass was achieved to 
determine the dry biomass.

2.6 � Data Analysis

The normality of the residuals was verified using the Sha-
piro–Wilk test, and the homogeneity of variances was 
assessed with Bartlett’s test. When necessary, data transfor-
mation was performed using the Box and Cox (1964) proce-
dure to find an optimal power (λ) such that the transformed 
data would approximate a normal distribution.

Initially, analysis of variance was conducted using the 
F-test; mean comparisons were made using Dunnett's test 
(where each treatment was compared exclusively with the 
control) and Tukey's test (all treatments were compared 
among themselves), both at a 5% significance level. The 
data were analyzed considering a completely randomized 
design, in a 2 × 4 factorial arrangement (two biochars: 

(5)%SA =

�
Ma −Mp

Ms −Mw −
∑

Mp

�

× 100

(6)MWD =
∑

(Xi.Wi)

sewage sludge added to cashew pruning in a 1:1 ratio, 
and cashew bagasse, produced by pyrolysis; four doses: 
5, 10, 20, and 40 Mg ha−1) plus the control, with four rep-
etitions. For the water retention curve data, a completely 
randomized design in a 2 × 2 × 4 factorial arrangement 
was considered (two biochars: sewage sludge added to 
cashew pruning in a 1:1 ratio, and cashew bagasse, pro-
duced by pyrolysis; two periods: pre-incubation and post-
cultivation; four doses: 5, 10, 20, and 40 Mg ha−1) plus 
the control, with four repetitions.

To determine the best-fit curve, linear, quadratic, and 
cubic polynomial models were tested, with model selec-
tion based on the coefficient of determination (R2) and 
the statistical significance of the regression parameters (p 
< 0.05 and 0.01). In cases where the data exhibited non-
linear behavior that simpler models could not adequately 
describe, the cubic model was employed to enhance pre-
dictive accuracy. Furthermore, the experimental design 
– comprising five dose levels replicated five times – pro-
vided sufficient statistical robustness to justify using 
more complex models without risking overfitting. All 
analyses were conducted using SAS® OnDemand for 
Academics.

3 � Results and Discussion

Biochar application significantly affected water depth (WD) 
and available water capacity (AWC) during incubation 
(WD-I and AWC-I), and cultivation (WD-C and AWC-C), 
as well as aggregate tensile strength (TS), the only attribute 
altered by at least one biochar dose. Significant interactions 
between biochar type and dose were observed for TS, AWC-
I, and AWC-C (Table S1).

Dunnett’s test (5% probability) identified significant dif-
ferences for WD-I, TS, and AWC-I compared to the con-
trol, while other parameters (WD-C, BD, PR, MWD, and 
AWC-C) showed no differences (Table S2). Notably, cashew 
bagasse biochar (CBB) at 5 and 40 Mg ha⁻1 reduced WD-I 
by 49.8% and 32.2%, respectively, suggesting lower doses 
for optimizing water use efficiency.

For TS (S2), significant reductions were observed with 
sewage sludge biochar combined with cashew pruning at 20 
and 40 Mg ha⁻1 (SSPB20, SSPB40) and cashew bagasse at 
40 Mg ha⁻1 (CBB40), with TS values indicating slightly hard 
to soft consistency (Oliveira et al. 2020). However, SSPB10 
increased TS to 66.89 kPa, corresponding to a very hard 
consistency.

Regarding AWC-I (Table S2), significant effects were 
found for SSPB at 5, 10, and 20 Mg ha⁻1, which reduced 
AWC by 21% on average, while all CBB treatments 



	 Journal of Soil Science and Plant Nutrition

increased AWC by 27%. No significant differences were 
observed for WD-C, BD, PR, MWD, or AWC-C.

3.1 � Water Depth in the Incubation Period (WD‑I)

The highest water consumption during the incubation period 
was observed in SSPB5, SSPB10, and SSPB20, with mean 
values of 64.75 mm, 61.50 mm, and 63.75 mm, respectively 
(Fig. 2A). In contrast, SSPB40 and the control showed lower 
means (59.25 mm and 56.75 mm).

Cashew bagasse biochar treatments exhibited the lowest 
water use, with CBB5 requiring only 28.50 mm, not differ-
ing significantly from CBB10, CBB20, and CBB40 (39.75 
mm, 47.30 mm, and 38.50 mm, respectively). Among them, 
CBB20 was the only treatment that did not statistically differ 
from others.

Tukey’s test indicated that treatments with cashew 
bagasse biochar consumed significantly less water (38.50 
mm on average) compared to the control and sewage sludge 
biochar treatments (56.75 mm and 62.31 mm, respectively), 
which did not differ from each other but had higher water 
consumption than CBB treatments.

A significant cubic correlation was observed for cashew 
bagasse biochar treatments (Fig. 2B), identifying optimal 
doses for water retention. For agronomic purposes, the 
model predicts that 9 Mg ha⁻1 minimizes water consumption 
(32.63 mm), reducing water requirements by approximately 
40% compared to untreated soil.

Several factors explain the findings of this study. The 
granulometry of SSPB indicates that more than half of 
its particles range between 1.0 and 2.0 mm (Table 2), 
which reduces its specific surface area – concerning CBB 
– and limits water adsorption. The interaction of biochar 

with water also depends on its hydrophilic or hydropho-
bic properties, which are influenced by functional groups 
and feedstock composition (Eibisch et al. 2015). CBB is 
hydrophilic and contains oxygen-rich functional groups 
(hydroxyl, carbonyl, and carboxyl) that facilitate hydrogen 
bonding, thereby enhancing water retention (Fregolente 
et al. 2023).

Biochar properties can change over time due to soil aging, 
involving chemical reactions, physical processes, and micro-
bial activity, which increase surface charges and interactions 
with soil components (Zornoza et al. 2016). Additionally, 
biochar incorporation into sandy soils can alter soil structure 
by filling voids between mineral grains, reducing bulk den-
sity and increasing total porosity (Zanutel et al. 2024). This 
structural modification explains the higher water retention 
observed at elevated CBB doses, as smaller pores (micropo-
res) within aggregates increase the water layer required to 
maintain field capacity.

3.2 � Water Depth in the Cultivation Period (WD‑C)

During the cultivation period, the irrigation layer did not 
significantly differ between treatments, suggesting changes 
in biochar-soil–water interactions in the presence of plants 
compared to the incubation period (Fig. 3). Plant water 
uptake increased the required water layer to maintain soil 
moisture between field capacity and the irrigation threshold. 
In uncultivated soils, water loss primarily occurs through 
surface evaporation, while in cultivated soils, transpiration 
becomes dominant. Root absorption from subsurface layers 
and subsequent transpiration often surpass direct soil evapo-
ration rates (Weil and Brady 2016).

During early corn growth stages, evaporation dominates 
evapotranspiration, but as the crop develops, transpiration 

Fig. 2   Mean values of water depth required during the incuba-
tion period for control treatments and sewage sludge biochar added 
with cashew pruning residue (SSPB) and cashew bagasse biochar 
(CBB) to maintain the soil between field capacity and consumption 
up to 30% of available water capacity (A). Regression between water 
depths required during the incubation period and doses of CBB (B). 

Means followed by the same lowercase letter are not significantly 
different by Tukey's test at a 5% significance level; uppercase let-
ters compare treatment groups (control, SSPB, CBB), with the same 
uppercase letter indicating no significant difference by Tukey's test at 
a 5% significance level. Bars represent the standard error of the mean. 
**Significant at the 1% probability level
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becomes the primary component. Kimball et al. (2019) 
reported that evaporation accounts for 70% of evapotran-
spiration until the V6 stage, whereas transpiration dominates 
thereafter, removing more water from the soil.

Biochar incorporation is known to enhance soil aggrega-
tion and soil structure, which, in turn, can improve water 
retention and reduce the need for irrigation (Zhang et al. 
2020). However, in our 90-day experiment, the biochar 
effects were insufficient to reduce water consumption in 
the treated soils compared to the control. This result could 
be attributed to the balance between biochar’s potential to 
increase water retention and the possible enhancement of 
evapotranspiration through plant growth. Increased root 
water uptake, along with the creation of preferential flow 
paths in the soil, may lead to a non-uniform distribution of 
water, potentially offsetting the benefits of biochar in water 
retention. In addition, no drainage losses were observed 
at the column bases, suggesting that the water applied 
remained within the treated layers, which may explain the 
absence of significant differences in water application during 
the cultivation period.

In line with Blanco-Canqui (2017), biochar's influence 
on water dynamics extends beyond retention to include the 
infiltration and hydraulic conductivity of water within soils. 
For example, biochar has been shown to alter both saturated 
and unsaturated hydraulic conductivity, with effects vary-
ing based on soil texture. In coarse-textured soils, biochar 
often reduces hydraulic conductivity due to the clogging 
of soil macropores by fine particles, which can limit water 
infiltration. On the other hand, biochar can improve water 

flow in fine-textured soils, such as clay loams, by enhanc-
ing soil aggregation and increasing macroporosity. This is 
particularly relevant in the context of improving water flow 
in compacted soils or soils with low infiltration rates, which 
can increase water capture and storage, reducing runoff and 
nutrient leaching.

Moreover, the impact of biochar on plant-available water 
is often linked to the increased porosity and specific surface 
area of its particles, which allows for greater retention of 
water (Edeh et al. 2020). Thus, while biochar holds promise 
as a tool to enhance soil water retention and reduce irrigation 
needs, the dynamics of its effects are complex and require 
further exploration to better understand its interactions with 
soil, water, and plant growth.

3.3 � Bulk Density (BD)

BD did not differ significantly between treatments (Fig. 4A). 
However, SSPB doses showed a significant correlation, fit-
ting a quadratic model that estimated a BD reduction to 1.49 
g cm3 at 22.6 Mg ha⁻1 (Fig. 4B). Compared to the initial BD 
of 1.55 g cm3, this represents an approximate 4% decrease.

SSPB has a lower density (0.28 g cm3) than CBB (0.55 
g cm3) (Table 2) and a larger particle size. Consequently, 
SSPB is expected to reduce soil bulk density more effec-
tively, as its lower density increases the total volume added 
to the soil (Lim et al. 2016). This aligns with studies show-
ing that biochar incorporation decreases bulk density due 
to its lower density compared to mineral soil particles 

Fig. 3   Mean values of water depth required during the incubation 
period for control treatments and sewage sludge biochar added with 
cashew pruning residue (SSPB) and cashew bagasse biochar (CBB) 
to maintain the soil between field capacity and consumption up to 
30% of available water capacity. Means followed by the same lower-

case letter are not significantly different by Tukey's test at a 5% sig-
nificance level; uppercase letters compare treatment groups (control, 
SSPB, CBB), with the same uppercase letter indicating no significant 
difference by Tukey's test at a 5% significance level. Bars represent 
the standard error of the mean
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(Blanco-Canqui 2017), enhancing porosity, aggregation, 
and soil structure (Verheijen et al. 2019).

The reduction in BD by SSPB can influence key soil 
physical properties, including total porosity, mechani-
cal resistance to root penetration, and water retention. In 
a study using cashew bagasse biochar in a cohesive Typic 
Haplustult, BD significantly decreased with increasing bio-
char doses, reaching a maximum reduction at 40 Mg ha⁻1 
(Nascimento et al. 2024). In the present study, using the 
same biochar but in a Planosol with loamy-sandy texture, the 
maximum BD reduction occurred at 22.6 Mg ha⁻1.

Biochar-induced BD reduction is generally more pro-
nounced in clayey soils than in sandy ones, as biochar 
promotes pore formation and aeration in finer-textured 
soils (Bekchanova et al. 2024). However, in sandy soils, 
BD reduction depends on biochar particle size (Chen 

et al. 2018). Biochar with larger particles (88% greater 
than 1 mm) applied to sandy and loamy-clay soils at 24 
and 120 Mg ha⁻1 reduced BD by 4%–20% and 18%–26%, 
respectively (Lim et al. 2016). Consistent with these find-
ings, the present study observed BD reduction with SSPB 
addition, which had a larger particle fraction (52.50% 
greater than 1 mm) compared to CBB (31.46% greater 
than 1 mm) (Fig. 4B).

3.4 � Penetration Resistance (PR)

No statistical differences in PR were observed between 
doses or between the control and biochars (Fig. 5A). How-
ever, a significant correlation was found for SSPB, with a 
cubic polynomial fit, identifying doses where PR reaches 
its maximum and minimum (Fig. 5B). The soil, degraded 

Fig. 4   Mean values of soil resistance to penetration for control treat-
ments and sewage sludge biochar added with cashew pruning residue 
(SSPB) and cashew bagasse biochar (CBB) at a matric potential of 
−33 kPa (A). Regression between soil resistance to penetration and 
doses of SSPB (B). Means followed by the same lowercase letter are 

not significantly different by Tukey's test at a 5% significance level; 
uppercase letters compare treatment groups (control, SSPB, CBB), 
with the same uppercase letter indicating no significant difference by 
Tukey's test at a 5% significance level. Bars represent the standard 
error of the mean. **Significant at the 1% probability level

Fig. 5   Mean values of soil resistance to penetration for control treat-
ments and sewage sludge biochar added with cashew pruning residue 
(SSPB) and cashew bagasse biochar (CBB) at a matric potential of 
−33 kPa (A). Regression between soil resistance to penetration and 
doses of SSPB (B). Means followed by the same lowercase letter are 

not significantly different by Tukey's test at a 5% significance level; 
uppercase letters compare treatment groups (control, SSPB, CBB), 
with the same uppercase letter indicating no significant difference by 
Tukey's test at a 5% significance level. Bars represent the standard 
error of the mean. **Significant at the 1% probability level
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by overgrazing and compaction, benefited from biochar 
application. The model predicts that a dose of 28.3 Mg ha⁻1 
of SSPB reduces PR to 1.34 MPa, a 36.2% decrease com-
pared to the control. This reduction is crucial, as it lowers 
soil mechanical resistance to levels that do not restrict root 
growth. In the control treatment, PR averaged 1.8 MPa, close 
to the critical threshold of 2 MPa for root development (Silva 
et al. 1994; Tormena et al. 1998).

In addition, our findings align with Nascimento et al. 
(2024), who observed significant reductions in soil pen-
etration resistance (− 16.2 and − 16.1%) when biochar was 
applied at doses of 20 and 40 Mg ha − 1, which was associ-
ated with improvements in soil porosity and the promotion 
of silicon adsorption.

The PR result aligns with the reduction in BD, attrib-
uted to biochar granulometry, which decreases contact 
points between soil mineral particles, leading to lower BD 
and reduced PR and aggregate tensile strength (TS) (Zong 
et al. 2014). Most studies report no significant PR effects 
after biochar addition, but Busscher et al. (2010) found 
a decrease in PR with a 44 Mg ha⁻1 dose of biochar pro-
duced from pecan (Carya illinoinensis) shells, suggesting 
that higher biochar doses are needed to notably reduce 
PR. Additionally, biochar may require long periods to 
interact with soil particles before significantly reducing 
compaction.

The larger SSPB particles create a structure with larger 
pores and fewer contact points with soil particles, lower-
ing cohesion and making the soil matrix less resistant to 
root penetration. SSPB also contains higher levels of cati-
ons (Ca2⁺, Mg2⁺, K⁺, Zn2⁺, Ni2⁺, Fe2⁺, Fe3⁺, Cu2⁺, Mn2⁺) 
that promote particle flocculation, reducing BD, PR, and 
improving aggregate stability (Li et al. 2023). However, 

SSPB’s higher Na⁺ levels (Table 2) can cause negative 
effects, such as clay dispersion, reducing porosity and 
increasing BD, which may explain the increase in PR at 
higher doses (> 30 Mg ha⁻1) (Haghnia and Pratt 1988; 
Stavi et al. 2021).

3.5 � Tensile Strength of Aggregates (TS)

Statistical differences were observed in the TS between doses 
and between the control and biochars (Fig. 6A). SSPB10 
exhibited the highest TS (66.89 kPa), followed by CBB10, 
control, SSPB5, CBB20, and CBB40, which did not differ sig-
nificantly (averages of 34.28, 33.76, 32.81, 30.23, and 22.93 
kPa, respectively). CBB5 had the lowest TS at 21.31 kPa, 
while SSPB20 had the lowest average at 17.97 kPa. SSPB and 
control showed higher TS values compared to CBB (Fig. 6A).

The 10 Mg ha⁻1 dose of SSPB resulted in higher TS than 
the 20 Mg ha⁻1 dose, indicating an initial increase followed 
by a reduction. This pattern may be attributed to the effects 
of biochar on soil aggregation and porosity. At lower doses, 
biochar may promote improved soil aggregation, enhancing 
the soil's structural integrity and increasing TS. However, at 
higher doses, biochar can introduce changes in soil porosity 
and water retention, which may lead to reduced compac-
tion and a subsequent decrease in TS. These changes in TS 
reflect alterations in soil cohesion, which are important for 
plant growth, as they influence root penetration and water 
movement (Nascimento et al. 2024).

In the SSPB regression (Fig. 6B), the 7.91 Mg ha⁻1 dose 
led to a maximum TS of 53.1 kPa, classifying the dry aggre-
gates as hard (Oliveira et al. 2020). However, the cubic mod-
el's parameters suggested a negative TS value at the func-
tion's minimum, a mathematically derived estimate, which 

Fig. 6   Mean values of aggregate tensile strength (TS) for control 
treatments and sewage sludge biochar added with cashew pruning 
residue (SSPB) and cashew bagasse biochar CBB) (A). Regression 
between tensile strength and doses of SSPB and CBB (B). Means 
followed by the same lowercase letter are not significantly different 
by Tukey's test at a 5% significance level; uppercase letters compare 

treatment groups (control, SSPB, CBB), with the same uppercase 
letter indicating no significant difference by Tukey's test at a 5% sig-
nificance level. Bars represent the standard error of the mean. ns not 
significant; ** and * Significant at the 1% and 5% probability level, 
respectively
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is not physically feasible, like situations in van Genuchten 
(1980) model estimations (Yang and You 2013).

In agricultural soils, the incorporation of biochar from 
sewage sludge and cashew pruning is recommended, as it 
alters the consistency of soil aggregates. The addition of 
biochar increases the TS from slightly hard (28.09 kPa) in 
the control to hard (53.1 kPa) at a dose of 7.91 Mg ha⁻1, 
which improves resistance to mechanical dispersion dur-
ing soil preparation (Reis et al. 2014). However, TS values 
below 65 kPa (Oliveira et al. 2020) do not indicate overly 
cohesive aggregates, and the aggregates remain friable in 
moist conditions, allowing for root growth.

In contrast, the TS of aggregates with cashew bagasse 
biochar (CBB) ranged between 27.94 and 33.49 kPa, indicat-
ing slightly hard consistency at doses of 7.86 and 27.16 Mg 
ha⁻1. Given the minimal changes in TS, CBB application is 
not recommended solely for modifying aggregate TS due to 
the low cost/benefit ratio.

High TS values are associated with greater resistance to 
rupture, which is beneficial for soil stability, but excessive 
cohesion can hinder crop growth, particularly in compacted 
soils with high clay content. Biochars, like SSPB, increase 
TS at lower doses by enhancing particle cohesion and 
stabilizing aggregates. However, at higher doses, biochar 
improves porosity and reduces tensile resistance (Goldan 
et al. 2022). Biochar generally reduces TS by 42% to 242%, 
as reported by Blanco-Canqui (2017), highlighting its poten-
tial to alter soil structure.

3.6 � Weight Mean Diameter of Soil Aggregates 
(WMD)

Significant differences in the WMD were observed between 
doses but not between the control and the biochars (Fig. 7). 
SSPB10 resulted in the highest WMD (5.97 mm), while 
CBB10 had the lowest (4.40 mm). The control, SSPB5, 
SSPB20, SSPB40, CBB5, CBB20, and CBB40 treatments 
did not differ significantly, with average values ranging from 
4.47 to 5.80 mm.

The significant increase in the WMD, particularly observed 
in the SSPB10 treatment (10 Mg ha⁻1 of sewage sludge and 
cashew pruning biochar), indicates improved soil aggregate 
stability. This parameter reflects the size distribution of water-
stable aggregates, with higher values indicating a greater 
proportion of macroaggregates relative to microaggregates 
(Kemper and Rosenau 1986; Rui et al. 2022). The formation 
of these stable macroaggregates has important implications for 
soil physical quality, enhancing water infiltration, aeration, and 
resistance to erosion while maintaining adequate water reten-
tion capacity (Six et al. 2000).

The enhanced aggregation observed at the 10 Mg ha⁻1 
SSPB dose can be attributed to two primary mechanisms. 
First, the biochar's rich content of flocculating cations 
(Ca2⁺, Mg2⁺, Zn2⁺, Ni2⁺, Fe2⁺, Fe3⁺, Cu2⁺, and Mn2⁺) pro-
moted particle association through electrostatic interac-
tions, neutralizing negative charges on clay particles and 
biochar surfaces (Li et al. 2023). Second, the nutrient-rich 
composition of SSPB likely stimulated microbial activity, 
leading to increased production of organic binding agents 
that cement soil particles, as previously demonstrated by 
Junior and Guo (2023) in similar biochar-amended systems.

Fig. 7   Mean values of mean 
weight diameter (MWD) for 
control treatments and sewage 
sludge biochar added with 
cashew pruning residue (SSPB) 
and cashew bagasse biochar 
(CBB). Means followed by 
the same lowercase letter are 
not significantly different by 
Tukey's test at a 5% significance 
level; uppercase letters compare 
treatment groups (control, 
SSPB, CBB), with the same 
uppercase letter indicating no 
significant difference by Tukey's 
test at a 5% significance level. 
Bars represent the standard 
error of the mean
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Notably, all treatments maintained WMD values above 0.5 
mm, the established threshold for erosion-resistant aggregates 
(Kiehl 1979), which was particularly remarkable given the 
sandy texture of the experimental soil. This unexpected result 
highlights the significant role of maize rhizosphere effects, 
where root exudates and associated microbial activity contrib-
uted to aggregate stabilization across all treatments (Bronick 
and Lal 2005). However, the absence of significant differ-
ences in root biomass among treatments suggests that biochar 
amendments and rhizosphere processes acted synergistically 
rather than independently to enhance aggregate stability.

These findings underscore the potential of SSPB as a 
soil amendment for improving structural quality in sandy 
soils, with the 10 Mg ha⁻1 dose showing promise. However, 
the study also reveals an important methodological consid-
eration: under field conditions with active plant growth, it 
becomes challenging to isolate the specific effects of biochar 
from natural rhizosphere processes. This complexity sug-
gests the need for complementary controlled experiments to 
better understand the individual and combined mechanisms 
governing aggregate stabilization in biochar-amended soils.

3.7 � Soil Water Retention Curve (SWRC)

Significant statistical differences were observed for the 
van Genuchten (1980) equation parameters and available 
water capacity (AWC) at a 1% significance level, indicat-
ing effects of doses, periods, and interaction on soil water 
retention curves (Table S3). Significant differences were 
found between periods (pre-incubation and post-cultiva-
tion) and between biochars (Table 3). A SWRC (Fig. 8) 
can only be considered identical to another if there are no 
significant differences in the van Genuchten parameters 
(Jorge et al. 2010); thus, all treatments exhibited distinct 
curves.

The saturated water content (θs), representing total 
porosity, was consistently higher during the pre-incubation 
period for both biochars, with observed reductions attrib-
uted to particle rearrangement over the 90-day experimen-
tal duration. In the pre-incubation phase, CBB5 exhibited 
the highest θs value (0.426 cm3 cm⁻3), showing a 6.5% 
increase over the control, while SSPB10 showed the low-
est (0.387 cm3 cm⁻3), though these differences were not 
statistically significant.

Post-cultivation, notable θs increases were observed for 
CBB5 (7.4%), CBB40 (9.1%), and SSPB20 (9.4%) compared 
to the control, demonstrating the beneficial effects of biochar 
on soil structure through enhanced aggregation, increased 
porosity, and reduced bulk density (Blanco-Canqui 2017). 
These findings align with Chen et al. (2018), who reported a 
51.4% porosity increase in sandy soils amended with wheat 
straw biochar (150 Mg ha⁻1) due to improved macroporosity 
and reduced compaction. Ta
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Significant variations in the van Genuchten parameters 
α, m, and n (curve shape parameters) between periods and 
biochar types (van Lier and Pinheiro 2018; Nascimento 
et al. 2018a) confirmed distinct SWRC shapes, reflecting 
pore-size distribution changes sensitive to structural modi-
fications (Nascimento et al. 2018b). Figure 8 illustrates that 
higher biochar doses increased soil moisture from saturation 
to Ψm = −6 kPa (macroporosity range), confirming macr-
oporosity gains and consequent total porosity enhancement, 
particularly during cultivation as biochar-soil interactions 
intensified.

The residual water content (θr), analogous to the per-
manent wilting point (PWP), decreased post-incuba-
tion, indicating improved soil water release efficiency 

(Zusevics 1980). This aligns with Wei et al. (2023), who 
documented a 4.2% PWP reduction in medium-textured 
soils after biochar application, correlating with porosity 
increases. Plant-available water (AWC-PI) significantly 
increased post-cultivation for most treatments, except at 
5–10 Mg ha⁻1 doses, enhancing soil water retention and 
availability (Garg et al. 2019; Sun et al. 2013; Verheijen 
et al. 2019). CBB outperformed SSPB in AWC during 
pre-incubation, with CBB5 showing the highest AWC 
(0.168 cm3 cm⁻3), attributed to its hydrophilic nature 
(Fregolente et al. 2023).

Notably, CBB5 also demonstrated optimal water-use 
efficiency, combining technical feasibility with improved 
hydraulic properties.

Fig. 8   Water retention curves for soil for control treatments and sew-
age sludge biochar added with cashew pruning residue (SSPB) (A) 
and cashew bagasse (CBB) (B) during pre-incubation (PI) and post-
cultivation (PC) periods. C – Control; SSPB5, SSPB10, SSPB20, and 

SSPB40 – Sewage sludge biochar added with cashew tree pruning 
at doses of 5, 10, 20 and 40 Mg ha−1, respectively; CBB5, CBB10, 
CBB20, and CBB40 – Cashew bagasse biochar at doses of 5, 10, 20 
and 40 Mg ha−1, respectively

Table 4   Mean values for the 
growth attributes of maize (Zea 
mays L.) plants: culm diameter 
(CD), culm height (CH), plant 
height (PH), shoot dry mass 
(SDM), root dry mass (RDM), 
and total dry mass (TDM)

Biochars from the co-pyrolysis of sewage sludge and cashew pruning biomass (SSPB) and cashew bagasse 
(CBB) at doses of 5, 10, 20, and 40 Mg ha−1, respectively; CBB5, CBB10, CBB20, and CBB40 biochars 
from cashew bagasse at doses of 5, 10, 20, and 40 Mg ha−1, respectively
*Represents the significant difference of the treatment mean compared to the control treatment mean by 
Dunnett's test at 5% significance

Treatments CD CH PH SDM RDM TDM
mm ––––– cm ––––– ––––––-g plant−1–––––-

Control 18.30 218.25 238.50 520.00 2.29 175.63
SSPB5 20.44 211.75 228.75 545.00 2.32 197.10
SSPB10 19.76 209.75 224.25 524.50 2.25 187.11
SSPB20 22.32* 198.75 211.25 509.25 2.39 204.35
SSPB40 20.01 177.75 187.00* 532.50 2.23 169.19
CBB5 21.18 197.50 206.75 537.50 2.22 171.85
CBB10 19.62 198.25 214.50 502.50 2.25 189.69
CBB20 21.12 194.00 212.75 531.25 2.20 178.80
CBB40 20.58 203.00 229.25 450.25 2.29 169.22
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These results underscore biochar's potential to modulate 
soil–water dynamics, with dose- and type-dependent effects 
on porosity, water retention, and plant-available water.

3.8 � Plant Growth

Regarding maize plant attributes (S4), variance analysis 
did not detect significant effects of any variation sources 
on culm height (CH), culm diameter (CD), shoot dry mass 
(SDM), root dry mass (RDM), or total dry mass (TDM) at 
1% and 5% probability levels. However, significant interac-
tion effects were observed for plant height (PH) at the 5% 
probability level (Table 4).

Statistical analysis using Dunnett's test (α = 0.05) 
revealed no significant differences between biochar treat-
ments and the control for culm height, shoot dry mass, root 
dry mass, or total dry mass (Table 4). However, a notable 
exception was observed in CD, where the SSPB20 treatment 
(20 Mg ha⁻1 sewage sludge and cashew pruning biochar) 
showed a 22% increase (22.32 mm vs. 18.30 mm in control), 
enhancing plant structural robustness against environmental 
stresses (Losey et al. 2002; Stubbs et al. 2020). Conversely, 
SSPB40 treatment reduced plant height by 22% (187 cm vs. 
control), representing a 12% reduction from the expected 
height (213 cm) for the BRS2022 hybrid (Pacheco et al. 
2009). These morphological changes occurred without sig-
nificant biomass alterations, suggesting a phenotypic shift 
toward more compact plants.

  There was no significant differences in PH, CD, or bio-
mass parameters across treatments. This uniformity likely 
resulted from standardized mineral fertilization, which may 
have overshadowed potential biochar effects (Scotti et al. 
2022). Nevertheless, pooled biochar treatments (CBB and 
SSPB) significantly increased CD compared to the control, 

with SSPB20 showing the maximum effect (22.32 mm). 
These findings align with Tanure et al. (2019), who reported 
36.4% CD increase in maize with eucalyptus biochar, dem-
onstrating biochar's synergistic effects on soil structure and 
plant growth.

The CD enhancement in SSPB20 correlated with 
improved soil physical properties: reduced bulk den-
sity, increased porosity, lower penetration resistance, and 
enhanced aggregate stability (MWD). These modifications 
created favorable conditions for cell expansion by improving 
water absorption (via increased turgor pressure) and nutrient 
availability (Ali et al. 2023; Shah et al. 2017). As Wang et al. 
(2022) demonstrated, soil compaction negatively impacts 
maize growth, highlighting the importance of structural 
improvements from biochar.

Notably, while SSPB20 improved CD, root biomass 
remained statistically unchanged across all treatments, 
indicating that biochar amendments did not negatively 
affect below-ground growth. Plant height, though geneti-
cally controlled (Chen et al. 2024), showed dose-dependent 
responses: CH and PH decreased linearly with increasing 
SSPB doses, while CD followed a quadratic trend, peaking 
at 21.9 mm with 23.2 Mg ha⁻1 SSPB (Fig. 9).

These responses suggest that biochar's primary influence 
occurred through soil physical modification rather than 
direct nutritional effects, particularly when mineral nutrition 
was optimized. The results underscore biochar's potential to 
enhance crop architecture and stress resistance while main-
taining yield potential in well-fertilized systems.

While the study did not specifically aim to reduce plant 
height, the application of sewage sludge and cashew prun-
ing biochar (SSPB) resulted in shorter plants without com-
promising dry biomass production. This morphological 
modification offers distinct agronomic advantages, including 

Fig. 9   Regressions for the 
growth parameters of culm 
height (CH), plant height (PH), 
and culm diameter (CD) related 
to biochar from sewage sludge 
added with cashew pruning. ** 
and * significant at 1% and 5% 
probability, respectively
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enhanced resistance to lodging from strong winds and 
improved efficiency in both manual and mechanized har-
vesting (Losey et al. 2002; Stubbs et al. 2020). Additionally, 
the observed increase in culm diameter with SSPB treat-
ment correlates with greater plant robustness and resilience 
against pest infestations (Zhao et al. 2022).

The temporal dynamics of biochar effects were high-
lighted by Cong et al. (2023), who documented an initial 
growth inhibition in maize following high-dose wheat straw 
biochar applications (63–126 Mg ha⁻1) in sandy soils, attrib-
uted to elevated soil pH, electrical conductivity, and poten-
tial phytotoxic compounds. However, these inhibitory effects 
diminished over seven years, ultimately benefiting crop 
growth. Similarly, in this study, the reduction in plant height 
at higher SSPB doses (e.g., 40 Mg ha⁻1) may be linked to 
trace heavy metals (Cd, Pb, Cr, Ni, Ba) and micronutrients 
(Mn, Fe, Mo, Zn) present in the biochar (Table 2), where the 
threshold between essentiality and toxicity is narrow. Nota-
bly, this height reduction did not reduce biomass, instead 
producing more compact, stress-resilient plants—a trait not 
inherently detrimental.

Another plausible factor is the sodium content in SSPB 
(4.09 g kg⁻1; Table 2). Given maize’s moderate sensitiv-
ity to salinity (threshold: 1.7 dS m⁻1 ≈ 1.088 g kg⁻1; Ayers 
and Westcot 1999), elevated sodium levels could partially 
explain the stunted height and vegetative growth, depend-
ing on varietal tolerance and soil-specific conditions. Impor-
tantly, these phenotypic changes did not compromise bio-
mass accumulation, underscoring the potential of SSPB to 
optimize plant architecture while maintaining productivity 
under controlled nutrient regimes. The findings align with 
broader evidence that biochar’s benefits often emerge over 
time, balancing initial physicochemical constraints with 
long-term soil improvements.

4 � Conclusions

Biochar derived from the co-pyrolysis of sewage sludge 
and cashew pruning residues significantly improves the 
physical quality of sandy soils more effectively than bio-
char from cashew bagasse. Key enhancements include 
reduced soil bulk density, increased aggregate stabil-
ity, and optimized water retention, which are attributed 
to improved aggregate formation and modified porosity, 
facilitating efficient water use and robust root develop-
ment. In contrast, cashew bagasse biochar primarily 
enhances water conservation during incubation but exhib-
its limited structural benefits.

The findings confirm three hypotheses: (1) both bio-
chars enhance soil physical properties and maize growth, 
(2) the nutrient-rich sewage sludge and pruning biochar 

provides superior morphometric advantages for maize, 
and (3) optimal application rates differ between bio-
chars—20–25 Mg ha⁻1 for the sludge-pruning blend and 
~ 9 Mg ha⁻1 for bagasse.

From an economic standpoint, these biochar amend-
ments offer substantial cost–benefit advantages. The 
enhanced soil structure and improved water dynamics can 
lead to reduced irrigation requirements and lower expen-
ditures on additional soil amendments or chemical inputs. 
Moreover, the long-term benefits associated with restored 
soil health, including potential yield improvements and 
reduced management costs, underscore the economic via-
bility of adopting biochar as a soil amendment.

These results elucidate the mechanistic links between 
biochar amendments, soil physical processes, and crop 
performance, offering practical strategies for recuperating 
degraded arid soils. The study establishes a framework for 
scaling sustainable land management in water-limited eco-
systems. Future research should focus on long-term field 
trials, expanding the range of biochar doses, integrating 
biochar properties with plant–soil interactions, and assess-
ing the economic feasibility of large-scale deployment.
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