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Abstract

Biochar is a carbon-rich material produced through the pyrolysis of agricultural waste. It
effectively enhances the physical, chemical, and biological properties of salinity-affected
soils. Chickpea (Cicer arietinum L.) is the world’s third most important legume crop, cur-
rently cultivated in over 50 countries. However, no study has yet established recommended
biochar application rates for this crop under saline soil conditions. Therefore, this study
aimed to assess the chemical properties of a clay soil following the application of varying
rates of biochar and NaCl, and to evaluate their subsequent effects on the growth and yield
of Cicer arietinum L. To evaluate the effect of biochar, a completely randomized experimental
design with ten replicates was implemented. The biochar was produced from corncobs
(Zea mays) and applied at two rates (1.5% and 3%). Soil salinity levels were classified into
three groups: non-saline (S1 = 1.2 dS·m−1), low/moderate salinity (S2 = 4.2 dS·m−1), and
moderate salinity (S3 = 5.6 dS·m−1). The treatments were placed in pots for 100 days.
The results demonstrated that biochar applications at 1.5% and 3% rates improved both
soil chemical properties (pH, EC, SAR, and ESP) and the growth of C. arietinum across all
evaluated treatments. The 3% biochar treatment showed superior effects compared to the
1.5% application. Therefore, biochar application in C. arietinum production emerges as an
effective agronomic strategy to mitigate abiotic stress while simultaneously enhancing crop
productivity and sustainability.

Keywords: crop resilience; soil health; salt tolerance; organic amendment

1. Introduction
Soil salinity is a major constraint on agricultural productivity, rendering affected soils

infertile and unproductive [1]. It is estimated that approximately 1125 million hectares
of soil across the world are affected by this condition, and about 76 million saline-sodic
hectares are a result of anthropogenic impacts on the environment [2]. Crops exposed to
salinity face several physiological challenges, including ionic stress [3], osmotic stress [4],
and the interruption of homeostasis [5]. These stresses are further compounded by a range
of morphological, physiological, and biochemical effects that, overall, negatively affect
nutrient acquisition, transpiration, and the photosynthetic apparatus function, thereby
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causing decreased growth and, in most cases, death of the plants [6]. In recent years, biochar
has gained importance in agriculture as a soil amendment, standing out for its multiple
benefits: (a) improving agricultural production by providing essential nutrients (calcium,
magnesium, phosphorus, and potassium) [7]; (b) optimizing soil physical (water retention,
bulk density) and chemical properties (pH, electrical conductivity [EC], cation exchange
capacity [CEC]) [8]; (c) contributing to carbon sequestration and nutrient cycling [9]; and
(d) promoting plant health through extracellular microbial enzyme production [10]. Biochar
is a carbon-rich material produced through the pyrolysis of agricultural residues, wood,
or crop waste [11] under the complete absence (pyrolysis) or partial absence (gasification)
of oxygen at temperatures ranging from 300 to 1000 ◦C [12]. This process leads to the
conversion of biomass materials into a stable carbon substance.

Recently, several studies have demonstrated that biochar addition is effective in
improving the physical, chemical, and biological properties of salt-affected soils [10]; for
example, it has been found that biochar mitigates the adverse effects of saline soils on the
production of tomato (Solanum lycopersicum L.) [13], barley (Hordeum vulgare L.) [14], sugar
beet (Beta vulgaris L.), alfalfa (Medicago sativa L), amaranth (Amaranthus caudatus), and corn
(Zea mays) [15]. Given this demonstrated positive impact on crop resilience to salinity, the
question arises regarding its potential application in one of the world’s most important
legumes. Chickpea (Cicer arietinum L.) is the third most important legume in the world [16],
with an annual production of 14.2 million tons and an average yield of 0.96 t/ha [17]. Its
cultivation extends to more than 50 countries, from the Indian subcontinent and North
Africa to the Middle East, southern Europe, America and Australia [18]. This autogamous
legume stands out for its high nutritional value for both human consumption and animal
feed because it is rich in vitamins, minerals (such as calcium, phosphorus, magnesium and
potassium) and essential amino acids lysine, methionine, threonine, valine and leucine,
in addition to containing ß-carotene [19]. These properties make it an essential food for
low-income communities, especially in developing countries where animal proteins are
scarce [20]. The increasing prevalence of soil salinity, whether due to natural processes or
human activities, poses a significant threat to global agricultural production, particularly
for salt-sensitive crops such as chickpea (Cicer arietinum) [21]. This situation highlights the
need to investigate biochar’s potential to (1) improve the soil chemical properties when
salinity levels vary, and (2) enhance crop growth and yield under saline stress conditions.

Therefore, this study aimed to assess the chemical properties of a clay soil following
the application of varying rates of biochar and NaCl, and to evaluate their subsequent
effects on the growth and yield of Cicer arietinum L. We hypothesized that increasing the
application rate of biochar will mitigate sodic salinity by reducing Na+ accumulation,
enhancing cationic exchange capacity (CEC), and improving the availability and uptake of
macro- and micronutrients. These improvements are expected to enhance soil structure and
fertility, thereby promoting greater growth and yield of Cicer arietinum L. under saline-sodic
stress conditions.

2. Materials and Methods
2.1. Raw Material

Waste from corncobs (Z. mays) was obtained in the town of La Palma, in the mu-
nicipality of Venustiano Carranza, in the region Ciénega de Chapala Michoacán, México
(20◦06′56′′ N, 102◦39′12′′ W, at 1520 m.a.s.l.). The dry material was deposited in a pyrolysis
reactor [22] and processed to an average temperature of 550 ◦C for 2 h. At the end of the
pyrolyzation process, the biochar obtained was left to cool down and then ground and
sieved using a mesh with an opening diameter of 0.5 mm.
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2.2. Characterization of Biochar

The yield of the pyrolyzed raw material was determined using the following equation:

Yield(%) =
(biochar weight)

(raw material weight)
∗ 100 (1)

The pH and electrical conductivity (EC) were measured by adding biochar to deionized
water at a ratio of 1:20 with stirring time of 1 h [23]. The pH of the solution was determined
using a pH meter, Hanna HI-2211, and the EC was measured with a conductivity meter,
Hanna HI-2300.

The cation exchange capacity (CEC) was measured by displacing the cations with 1N
ammonium acetate [24], while the exchangeable bases were quantified in the leachate with
atomic absorption spectrometry (SENS-AAS). To measure the moisture percentage and
water holding capacity (WHC), the standardized method of Alef and Nannipieri [25] was
used while, for bulk density, the method of Hussain et al. [26] was applied.

To determine the moisture content, the samples were placed in a stove at 105 ◦C for
2 h; for the volatile matter, the samples were placed in a muffle furnace at 950 ◦C for 6 min
and, for the ashes, at 750 ◦C for 6 h. A sample of 1 g of biochar was used in each test.
For the analysis of carbon, nitrogen, phosphorus, potassium, calcium, magnesium, and
sodium, the methodology proposed by the International Biochar Initiative [23] was used.
All determinations were made in triplicate.

For the adsorption analysis, 1 g of each biochar sample was taken and placed in 50 mL
polypropylene tubes containing 40 mL of sodium chloride (NaCl) solution at 100 mM.
The tubes were shaken for 24 h on a mechanical shaker at 150 rpm. After shaking, the
supernatant was removed using centrifugation at 10,000× g rpm for 5 min, and a clear
20 mL aliquot was taken and analyzed with an atomic absorption spectrometer (GBC
SENS-AAS).

The sodium adsorption of biochar was calculated with the equation used by Awan
et al. [27]:

CA =
Ci − Cf
m ∗ V

(2)

where CA is the Na+ adsorption capacity of the biochar, Ci (mg L−1) and Cf (mg L−1) are
the initial and final concentrations of Na+ before and after the addition of biochar, V is the
volume of the NaCl solution in the polypropylene tubes, and m is the dose of biochar (g).

Therefore, the biochar displayed the following physicochemical properties: yield was
12.3 ± 0.14%, apparent density was 0.27 ± 0.02 g cm−3, moisture was 11.6 ± 0.08%, volatile
matter was 35 ± 1.48%, ash was 4.8 ± 0.22%, pH was 6.8 ± 0.2, electrical conductivity (EC)
was 1.29 ± 0.16 dS m−1, water holding capacity (WHC) (%) was 175.7 ± 3.32, cation exchange
capacity (CEC) was 38.54 ± 0.36 cmol·kg−1, carbon (C) was 430.8 ± 7.31 mg g−1, nitrogen (N)
was 21.3 ± 0.25 mg g−1, C/N ratio was 20.2 ± 0.14, phosphorus (P) was 9.92 ± 0.17 mg g−1,
potassium (K) was 16.37 ± 0.27 mg g−1, calcium (Ca) was 6.12 ± 0.12 mg g−1, magnesium
(Mg) was 4.28 ± 0.09 mg g−1, sodium (Na) was 0.48 ± 0.01 mg g−1, and sodium adsorption
of biochar (CA) was 14.6 ± 0.15 mg g−1 (Tables S1 and S2, and Figure S1).

2.3. Seed Material

The seeds of the crop Cicer arietinum L. X San Antonio 05 were obtained from a
commercial seed and agrochemical company in the study region.

2.4. Initial Physicochemical Analysis of the Soil

The used soil was obtained from a plot in the municipality of Jiquilpan de Juárez,
Michoacán, México (19◦59′55.7′′ N, 102◦42′25.7′′ W, at 1550 m.a.s.l.), with the following
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characteristics: a vertisol soil with a clay loam texture [clay (62%), silt (12%), sand (26%)]
according to the soil texture classification system of the United States Department of
Agriculture (USDA) and in the World Reference Base for Soil Resources (WRB), bulk
density (ρb) was 1.4 ± 0.1 g cm−3 [26], pH was 7.2 ± 0.2, electrical conductivity (EC) was
1.2 ± 0.16 dS·m−1, organic matter (% OM) was 1.4 ± 0.1%, sodium adsorption ratio (SAR)
was 6.5 ± 0.12 (mmolc L−1)0.5, water retention capacity (WRC) was 91 ± 2.76%, cation
exchange capacity was 33 ± 1.84 cmolc·kg−1, and exchangeable sodium percentage (ESP)
was 12.3 ± 0.21%.

2.5. Treatments

Three levels of salinity were tested, in which different amounts of NaCl (analytical
grade) were introduced to achieve different concentrations of salinity in the soil, beginning
with 10.34 g·pot−1 NaCl to increase the base electrical conductivity from 1.2 to 4.2 dS·m−1

and 13.52 g·pot−1 NaCl to increase the conductivity from 1.2 to 5.6 dS·m−1. In particular,
the same soil was used but with different saline concentrations, which were identified as
follows: non-saline 1.2 dS·m−1 (S1), low/moderate salinity 4.2 dS·m−1 (S2), and moder-
ate/medium salinity 5.6 dS·m−1 (S3). The salinity levels proposed were based on research
by Kaur et al. [20] and Sobh et al. [25], who suggested that C. arietinum can tolerate moderate
and marginal salinity.

Fifteen days before starting the experiment, the biochar was mixed in each of the
salinized soils (S1, S2, and S3) at different proportions: NBCO (0% biochar, w/w), SBCO
(1.5% biochar, w/w ≈ 18,711 kg ha−1), and MBCO (3% biochar, w/w ≈ 37,422 kg ha−1),
respectively.

Therefore, the treatments were as follows: T1: [soil (S1) + C. arietinum + 0% biochar
(NBCO)]; T2: [soil (S1) + C. arietinum + 1.5% biochar (SBCO)]; T3: [soil (S1) + C. arietinum +
3% biochar (MBCO)]; T4: [soil (S2) + C. arietinum + 0% biochar (NBCO)]; T5: [soil (S2) +
C. arietinum + 1.5% biochar (SBCO)]; T6: [soil (S2) + C. arietinum + 3% biochar (MBCO)]; T7:
[soil (S3) + C. arietinum + 0% biochar (NBCO)]; T8: [soil (S3) + C. arietinum + 1.5% biochar
(SBCO)]; T9: [soil (S3) + C. arietinum + 3% biochar (MBCO)].

Each treatment comprised 10 experimental units. The experiment was replicated three
times in a single experimental run, resulting in a total of 270 experimental units. The
experimental design was completely randomized.

2.6. Greenhouse Experiment

Unperforated pots, 40 cm in height and 35 cm in diameter, were used. Each pot
was filled with 12 kg of a soil/biochar mixture in different proportions, according to
the established treatments. The mixture of soil with NaCl (according to the established
treatments) and the biochar was manually homogenized until visual uniformity was
achieved. For the preparation of the soil samples, they were dried only in the shade and
at room temperature, without any additional pretreatment (such as sieving, sterilization,
or thermal drying), in order to preserve the natural properties of the soil. This approach
was chosen to simulate field conditions, where soils are typically unmodified prior to
amendment application.

During the 15-day incubation period, soil moisture was maintained at 60% of water
holding capacity (WHC) by daily monitoring and replenishment with water [25]. This level
was chosen to ensure optimal microbial activity while preventing waterlogging.

A chickpea seedling was transplanted into each of these pots which, at the time of
transplanting exhibited the following characteristics: 30 days of germination, a height of
16.7 ± 1.63 cm, a root length of 9.42 ± 1.34 cm, a fresh weight of 9.71 ± 0.85 g, a stem
diameter of 0.6 ± 0.03 cm, and a leaf area of 66.7 ± 1.7 cm2.



Soil Syst. 2025, 9, 71 5 of 17

The experiment was completed 100 days after transplanting (phenological cycle of the
plant). On average, the temperature and relative humidity conditions in the greenhouse
were 36/10 ◦C (day/night) and 60% (±10%), respectively.

2.7. Chemical Analysis of Water

The pots were watered manually up to 70% of their water holding capacity (container
capacity). The irrigation water had the following characteristics: EC was 0.5 ± 0.18 dS·m−1,
pH was 8.81± 0.15, and sodium adsorption ratio (SAR) was 1.93 ± 0.06 (mmol L−1)0.5. The
water contained 155 ± 23 mg L−1 of total dissolved solids (TDS), 0.42 ± 0.02 mmol L−1

Ca2+, 3.61 ± 0.11 mmol L−1 Mg2+, 2.75 ± 0.09 mmol L−1 Na+, 0.26 ± 0.01 mmol L−1 K+,
1.47 ± 0.04 mmol L−1 CO3

−2, 5.01 ± 0.14 mmol L−1 HCO3
−2, and 0.15 ± 0.02 mmol L−1

SO4
−2.

2.8. Chemical Analysis of the Soil

At the end of the experiment (100 days), a chemical analysis of the soil for each
treatment was carried out. The soil samples were dried, ground, and sieved with a 2 mm
sieve before adding distilled water. The saturated pastes obtained were covered and
left overnight at room temperature. Afterward, a vacuum extraction was performed. The
electrical conductivity (EC), pH, and Na+, Ca2+, and Mg2+ concentrations were measured in
the extracts. The sodium adsorption ratio (SAR), and the exchangeable sodium percentage
(ESP) were calculated using the formulas described by Robbins [28]:

SAR =
Na+√

Ca2+ + Mg2+

2

(3)

where SAR is the sodium adsorption ratio [(mmolc·L−1)1/2].

CEC = (200) (V) (N) (4)

where CEC is the cation exchange capacity (cmolc Kg−1), V is the volume (ml) of HCl, and
N is the normality of HCl.

ESP(%) =
Na+

CEC
(100) (5)

where ESP (%) is the exchangeable sodium percentage, and Na+ is the sodium exchangeable
(mmolc L−1).

The soil cations were determined in HNO3 extracts and saturated paste extracts. The
measurements of the content of Na+, K+, Ca2+, and Mg2+ were performed with atomic
absorption spectroscopy [29], using an atomic absorption spectrometer (GBC SENS-AAS).

2.9. Chemical Analysis of Plants

The plant material from each replicate and treatment was chemically analyzed 100 days
after transplanting. Plants were first washed with distilled water, and the roots, stems, and
leaves were then separated and quantified for their fresh and dry weights (g). Samples
were oven-dried at 70 ◦C for 48 h before being ground. Ion extraction was carried out
according to EPA Method 3052 with an Anton Paar Multiwave GO, which was used for the
acid digestion of the samples [30].

Plant cation content was determined with atomic absorption spectroscopy (GBC
SENS-AAS) after extraction in HNO3. This analysis measured Na+, K+, Ca2+, and Mg2+

levels. Chloride determinations were obtained with the Mohr method using K2CrO7 as an
indicator in the titration of Cl ions with a AgNO3 standard solution [31].
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2.10. Morphometric Variables

At 100 days after transplanting, in each treatment, the length of the primary root and
the height of the chickpea plants were measured with a Stanley Black and Decker® FatMax®

measuring tape (model H-1842, New Britan, CT, USA), from the soil surface to the tip of the
mature leaf. The diameter of the plant stems and the equatorial diameter of the fruits were
measured with a Vernier caliper (model H-7352, INSIZE, Suzhou, China). The leaf area
was measured using the free software ImageJ version 1.52 [32], and the fruits were counted
manually. The plants (stems and leaves) and fruits were washed with distilled water and
quantified with their fresh weight (g) using a precision balance (Brainweigh Ltd.® model
B5000, London, UK). Finally, the plants were dried in a stove at 70 ◦C for 48 h to record the
dry weight [33]. The fruit yield per treatment (yield FW, g plant−1) was determined based
on the average fruit number per plant and average fresh fruit weight.

2.11. Data Analysis

The data obtained from the evaluated variables were subjected to the Shapiro–Wilk
normality test (p ≤ 0.05) and Levene’s test to check for homogeneity of variance. A two-way
analysis of variance (ANOVA) and Tukey’s test for comparing mean values (p ≤ 0.05) were
applied to the variables that met the criteria for both tests.

The variables that did not meet the criteria for the test of normality or homogeneity of
variance were transformed to the natural logarithm (ln) until normality and homoscedastic-
ity were observed; subsequently, the two-way analysis of variance (ANOVA) and Tukey’s
test for comparing mean values (p ≤ 0.05) were performed.

The data that did not match both tests were subjected to a non-parametric Kruskal–
Wallis analysis and the Wilcoxon rank sum test, following the methodology of Jiang [34].
Preliminary data evaluation showed that data distribution deviated from Gaussianity
according to the normality test. Therefore, data were transformed. For all cases, the
software Statistical Analysis System (SAS) Version 9.1 [35] was used.

3. Results
3.1. Cation Concentrations in Shoot and Root Tissues

The study evaluated the accumulation of key cations (Na+, K+, Ca2+, Mg2+, and Cl−) in
the shoots and roots of Cicer arietinum under three salinity levels (non-saline, low/moderate,
and moderate/high) and two biochar application rates (1.5% and 3%) over 100 days.

Under saline conditions (S2 and S3), Na+ became the dominant ion in both roots and
shoots, while in non-saline conditions (S1), K+ was most abundant (Table 1). Biochar appli-
cation significantly influenced ion uptake, with the 3% treatment consistently enhancing the
ac-cumulation of K+, Ca2+, and Mg2+, particularly in shoot tissues. This suggests improved
nutrient translocation and uptake efficiency under biochar amendment.

Na+ and Cl− levels increased dramatically under high salinity, but biochar mitigated
this effect by reducing their accumulation in both roots and shoots. Conversely, K+, Ca2+,
and Mg2+ levels rose with biochar, especially under moderate salinity, indicating a compen-
satory nutrient uptake mechanism.

Overall, biochar improved the plant’s ionic balance under saline stress by reducing
toxic ion accumulation (Na+, Cl−) and enhancing essential nutrient uptake (K+, Ca2+,
Mg2+), with the most pronounced effects observed at the 3% application rate.
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Table 1. Contents of Na+, K+, Ca2+, Mg2+, and Cl− in Cicer arietinum at 100 days after transplanting.

mg g−1 DW

Treatments Part of the
Plant Na+ K+ Ca2+ Mg2+ Cl−

S1
(1.2 dS·m−1)

(T1) NBCO R 0.80 nm ± 0.01 1.65 n ± 0.02 1.02 k ± 0.01 0.28 l ± 0.01 0.60 nm ± 0.01
SL 1.71 l ± 0.02 4.36 g ± 0.07 2.81 gf ± 0.04 1.20 g ± 0.02 1.24 l ± 0.02

(T2) SBCO R 0.50 no ± 0.01 3.06 k ± 0.05 2.25 h ± 0.03 0.76 i ± 0.01 0.42 no ± 0.01
SL 1.06 m ± 0.01 6.64 d ± 0.11 5.29 c ± 0.09 2.13 d ± 0.03 0.79 m ± 0.01

(T3) MBCO R 0.39 o ± 0.01 3.32 j ± 0.05 2.96 f ± 0.05 0.98 h ± 0.01 0.29 o ± 0.01
SL 0.66 no ± 0.01 7.63 b ± 0.13 6.55 b ± 0.11 2.57 c ± 0.04 0.50 nmo ± 0.01

S2
(4.2 dS·m−1)

(T4) NBCO R 4.84 h ± 0.08 2.10 ml ± 0.03 1.52 i ± 0.02 0.62 j ± 0.01 3.6 h ± 0.06
SL 10.29 d ± 0.17 5.42 e ± 0.09 4.56 d ± 0.07 2.08 d ± 0.03 7.71 d ± 0.13

(T5) SBCO R 3.28 j ± 0.05 4.08 h ± 0.07 2.72 g ± 0.04 1.18 g ± 0.02 2.45 j ± 0.04
SL 8.35 e ± 0.14 7.23 c ± 0.12 6.73 b ± 0.11 2.96 b ± 0.05 6.26 e ± 0.11

(T6) MBCO R 2.77 k ± 0.04 4.57 fg ± 0.07 3.70 e ± 0.06 1.48 f ± 0.02 2.08 k ± 0.03
SL 7.22 f ± 0.12 8.53 a ± 0.14 7.57 a ± 0.12 3.53 a ± 0.06 5.42 f ± 0.09

S3
(5.6 dS·m−1)

(T7) NBCO R 8.57 e ± 0.14 1.09 o ± 0.01 0.45 l ± 0.01 0.34 l ± 0.01 6.43 e ± 0.11
SL 18.82 a ± 0.32 2.04 m ± 0.03 1.28 j ± 0.02 0.79 i ± 0.01 14.12 a ± 0.24

(T8) SBCO R 5.50 g ± 0.09 2.27 l ± 0.03 1.18 kj ± 0.02 0.44 k ± 0.01 4.12 g ± 0.07
SL 13.38 b ± 0.22 3.70 i ± 0.06 2.83 gf ± 0.04 1.73 e ± 0.03 10.87 b ± 0.18

(T9) MBCO R 4.35 i ± 0.07 2.90 k ± 0.04 1.61 i ± 0.02 0.66 j ± 0.01 3.26 i ± 0.05
SL 11.96 c ± 0.20 4.72 f ± 0.08 3.87 e ± 0.06 2.12 d ± 0.03 9.24 c ± 0.15

In each column, different letters represent significant differences according to Tukey’s test (p ≤ 0.05). Values are
averages of 10 replicates ± standard error. (NBCO: 0% biochar; SBCO: 1.5% biochar; MBCO: 3% biochar; R: roots;
SL: shoot [stems and leaves]).

3.2. Chemical Properties of Soil After Exposure to Different Salinity and Biochar Concentrations

Following 100 days of exposure to different NaCl concentrations and biochar applica-
tion rates, statistically significant enhancements (p ≤ 0.05) in soil chemical properties were
recorded across all salinity levels, including non-saline (S1), low to moderate salinity (S2),
and moderate to high salinity (S3) conditions (Table 2). Biochar application led to consistent
reductions in soil pH, electrical conductivity (EC), sodium adsorption ratio (SAR), and
exchangeable sodium percentage (ESP), with the most pronounced effects in the S2 group.

In the non-saline group (S1), 3% biochar (T3) reduced pH by 2.4%, EC by 37.25%, SAR
by 42.4%, and ESP by 35.88%, outperforming the 1.5% treatment (T2). In the S2 group, 3%
biochar (T6) achieved the greatest reductions: 3.04% in pH, 53.14% in EC, 48.43% in SAR,
and 43.31% in ESP. The 1.5% treatment (T5) also showed significant improvements. In the
S3 group, 3% biochar (T9) reduced pH by 2%, EC by 33.52%, SAR by 37.85%, and ESP by
29.88%, with slightly lower reductions observed in T8 (1.5%).

The relative effectiveness of the treatments in reducing soil chemical stress indicators
was determined based on the magnitude of observed reductions. For pH, the most effective
treatments, in descending order, were T3, T2, T1, T6, T5, T9, T4, T8, and T7. In terms of
SAR reduction, the treatments ranked as follows: T3, T6, T2, T5, T9, T1, T8, T4, and T7. For
ESP, the order of effectiveness was T3, T6, T2, T5, T9, T8, T1, T4, and T7.

These results highlight the potential of biochar, particularly at 3%, to mitigate salinity-
induced soil degradation and improve soil health under varying saline conditions.
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Table 2. Soil chemical properties at 100 days after being exposed to different concentrations of salinity and biochar.

Parameters

Treatments

S1 (1.2 dS·m−1) S2 (4.2 dS·m−1) S3 (5.6 dS·m−1)

(T1) NBCO (T2) SBCO (T3) MBCO (T4) NBCO (T5) SBCO (T6) MBCO (T7) NBCO (T8) SBCO (T9) MBCO

pH 7.49 f ± 0.03 7.39 g ± 0.03 7.31 h ± 0.03 7.87 c ± 0.03 7.75 d ± 0.03 7.63 e ± 0.03 8.02 a ± 0.03 7.94 b ± 0.03 7.86 c ± 0.03
EC (dS·m−1) 1.02 g ± 0.04 0.76 h ± 0.04 0.64 h ± 0.05 3.82 c ± 0.05 2.27 e ± 0.04 1.79 f ± 0.04 5.34 a ± 0.04 4.03 b ± 0.05 3.55 d ± 0.04

Na+ (mmolc·L−1) 15.17 d ± 0.27 7.64 g ± 0.13 5.76 h ± 0.10 28.02 b ± 0.50 10.24 f ± 0.18 5.61 h ± 0.10 39.72 a ± 0.71 23.69 c ± 0.42 12.73 e ± 0.22
Ca2+ (mmolc·L−1) 5.65 d ± 0.10 3.27 e ± 0.06 2.86 f ± 0.05 12.41 b ± 0.22 5.37 d ± 0.10 2.13 g ± 0.04 19.24 a ± 0.34 12.64 b ± 0.22 6.53 c ± 0.11
Mg2+ (mmolc·L−1) 3.47 d ± 0.06 2.09 f ± 0.03 1.31 g ± 0.02 8.79 c ± 0.15 2.62 e ± 0.04 1.04 g ± 0.02 16.21 a ± 0.29 10.41 b ± 0.18 2.70 e ± 0.04
Na+ (cmolc·kg−1) 3.11 c ± 0.05 2.22 f ± 0.04 1.99 g ± 0.03 3.68 b ± 0.06 2.39 e ± 0.04 2.09 gf ± 0.03 4.02 a ± 0.07 3.03 c ± 0.05 2.82 d ± 0.05
K+ (cmolc·kg−1) 1.93 c ± 0.03 1.31 d ± 0.02 0.75 f ± 0.01 2.13 b ± 0.03 1.08 e ± 0.01 0.57 g ± 0.01 2.44 a ± 0.04 1.87 c ± 0.03 0.78 f ± 0.01

Ca2+ (cmolc·kg−1) 37.92 c ± 0.68 30.44 e ± 0.54 23.17 g ± 0.41 40.37 b ± 0.72 27.54 f ± 0.49 18.63 h ± 0.03 43.52 a ± 0.78 32.20 d ± 0.57 22.76 g ± 0.40
Mg2+ (cmolc·kg−1) 13.01 a ± 0.23 9.88 d ± 0.17 7.84 e ± 0.14 10.82 c ± 0.19 4.26 h ± 0.07 2.88 i ± 0.05 11.75 b ± 0.21 6.75 f ± 0.12 4.81 g ± 0.08

SAR (mmolc·L−1)0.5 6.91 c ± 0.12 4.67 f ± 0.08 3.98 gf ± 0.07 8.63 b ± 0.15 5.12 e ± 0.09 4.45 f ± 0.08 9.43 a ± 0.17 6.97 c ± 0.12 5.86 d ± 0.10
ESP (%) 9.42 c ± 0.17 6.71 f ± 0.12 6.04 g ± 0.11 11.15 b ± 0.20 7.25 e ± 0.13 6.32 gf ± 0.11 12.18 a ± 0.22 9.18 c ± 0.16 8.54 d ± 0.15

In each row, different letters represent significant differences according to Tukey’s test (p ≤ 0.05). Values are averages of 10 replicates ± standard error. (NBCO: 0% biochar; SBCO: 1.5%
biochar; MBCO: 3% biochar).
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3.3. Morphometric Variables of C. arietinum Under Varying Salinity and Biochar Doses

Table 3 presents the morphometric characteristics of Cicer arietinum after 100 days of
exposure to varying salinity levels and biochar application rates. Significant improvements
(p ≤ 0.05) in all measured morphometric parameters were observed across the three salinity
groups (S1, S2, and S3) with the application of 3% and 5% biochar. The most notable
increases were generally associated with 3% and 1.5% biochar treatments. Overall, the
magnitude of improvement was highest in the S1 group, followed by S2, and lowest in S3.

Table 3. Morphometric variables of C. arietinum at 100 days after being exposed to different concen-
trations of salinity and biochar.

Parameters

Treatments

S1 (1.2 dS·m−1) S2 (4.2 dS·m−1) S3 (5.6 dS·m−1)

(T1) NBCO (T2) SBCO (T3)
MBCO (T4) NBCO (T5) SBCO (T6)

MBCO (T7) NBCO (T8) SBCO (T9)
MBCO

Plant
height (cm)

53.04 c ±
0.95

57.25 b ±
1.03

62.01 a ±
1.11

44.86 fe ±
0.80

49.57 d ±
0.89

55.75 b ±
1.01

36.32 g ±
0.65

43.82 f ±
0.78

46.49 e ±
0.83

Root length
(cm)

33.76 dc ±
0.60

41.26 b ±
0.74

46.77 a ±
0.84

28.36 e ±
0.51

35.09 c ±
0.63

40.24 b ±
0.72

22.98 f ±
0.41

29.91 e ±
0.53

33.13 d ±
0.59

Plant fresh
weight (g)

229.81 c ±
4.13

263.54 b ±
4.74

295.31 a ±
5.31

191.59 e ±
3.44

222.91 dc ±
4.01

254.07 b ±
4.57

159.33 f ±
2.86

193.90 e ±
3.49

211.37 d ±
3.80

Plant dry
weight (g)

74.68 c ±
1.34

85.64 b ±
1.54

95.96 a ±
1.72

62.26 e ±
1.12

72.44 dc ±
1.30

82.56 b ±
1.48

51.78 f ±
0.93

63.01 e ±
1.13

68.69 d ±
1.23

Plant stem
diameter

(cm)

0.65 e ±
0.01

0.74 c±
0.01

0.87 a ±
0.01

0.58 f ±
0.01

0.66 e ±
0.01

0.78 b ±
0.01

0.48 g ±
0.01

0.57 f ±
0.01

0.71 d ±
0.01

Leaf area
(cm2)

2370 c ±
42.6

2719 b ±
48.9

3047 a ±
54.8

1979 e ±
35.6

2302 dc ±
41.43

2624 b ±
47.2

1651 f ±
29.7

2012 e ±
36.21

2185 d ±
39.3

Fruit fresh
weight (g)

0.22 cd ±
0.008

0.26 b ±
0.011

0.29 a ±
0.012

0.17 e ±
0.002

0.21 d ±
0.008

0.24 cb ±
0.012

0.14 f ±
0.01

0.17 e ±
0.002

0.20 d ±
0.007

Fruit dry
weight (g)

0.09 cb ±
0.005

0.10 b ±
0.005

0.12 a ±
0.005

0.07 d ±
0.003

0.09 cb ±
0.004

0.10 b ±
0.005

0.05 e ±
0.002

0.07 d ±
0.003

0.08 cd ±
0.004

Number of
pods

(plant−1)

32.10 f ±
0.57

38.72 b ±
0.69

44.46 a ±
0.80

25.60 f ±
0.46

32.67 d ±
0.58

36.56 c ±
0.65

21.28 g ±
0.38

25.92 f ±
0.46

29.24 e ±
0.52

Number of
fruits

(plant−1)

87.96 b ±
1.58

95.52 a ±
1.90

99.82 a ±
2.19

70.15 fe ±
1.26

80.54 cd ±
1.61

84.19 b ±
1.80

66.31 f ±
1.05

72.03 e ±
1.27

77.12 d ±
1.44

Yield FW
(g·plant−1)

19.35 c ±
0.34

24.83 b ±
0.42

28.94 a ±
0.70

11.92 f ±
0.21

16.91 d ±
0.35

20.20 c ±
0.55

8.16 g ±
0.11

12.24 f ±
0.21

15.42 e ±
0.30

In each row, different letters represent significant differences according to Tukey’s test (p ≤ 0.05). Values are
averages of 10 replicates ± standard error. (NBCO: 0% biochar; SBCO: 1.5% biochar; MBCO: 3% biochar).

In the non-saline group (S1), treatments T3 and T2 significantly enhanced all morpho-
metric variables compared to T1, with T3 showing the highest increases in plant height,
root length, biomass, stem diameter, leaf area, fruit weight, pod number, fruit number, and
yield. Similar trends were observed in the low/moderate salinity group (S2), where T6
and T5 outperformed T4, and in the moderate/high salinity group (S3), where T9 and T8
showed the greatest improvements over T7.

Conversely, treatments T4 and T7 exhibited significant reductions (p ≤ 0.05) in all
morphometric parameters compared to T1. Additionally, T5 and T8 showed lower values
than T2, and T6 and T9 were less effective than T3, indicating that higher salinity levels
diminished the positive effects of biochar.

4. Discussion
4.1. Impact of Soil Salinity and Biochar’s Remediation Potential

An increase in NaCl in the soil leads to increases in soil pH, EC, SAR, and ESP,
generating conditions of ionic and osmotic stress, thus disrupting crop homeostasis [36].
This negatively affects nutrient uptake, transpiration, and photosynthetic function in plants,



Soil Syst. 2025, 9, 71 10 of 17

causing cellular membrane disorders, damage to the photosynthetic apparatus, and high
toxicity when its concentration in plant tissues is excessive, reducing their physiological
activities [37]. In light of this, biochar has been employed as a promising soil amendment
to enhance soil properties [38].

4.2. Mechanisms of Biochar in Mitigating Salinity Stress

When applying doses of 1.5% and 3% biochar in the soils of the different groups (S1,
S2, and S3), increased accumulation of K+, Ca2+, and Mg2+ was observed, both in the root
and in the shoot of the C. arietinum crop, perhaps because biochar acts as an ion exchanger
that promotes competition with Na+ for the same subcellular sites in the plants [39] and
improves the absorption of essential nutrients [40].

It was also observed that applying 1.5% and 3% biochar to the soils of different groups
(S1, S2, and S3) significantly reduced Na+ and Cl− concentrations, thereby improving soil
chemical properties (pH, EC, SAR, and ESP) and enhancing the growth of C. arietinum crops.

Various studies have attributed the benefits of biochar to several key factors. These
include enhanced leaching of Na+ in soil, leading to improved root growth and vigor [41];
increased adsorption and retention of Na+ on biochar surfaces due to physical trapping
in fine pores [42]; reduced upward movement of saline water, as biochar cover minimizes
water evaporation [43]; facilitated release of H+ from the ion exchange complex, increasing
Ca2+ and Mg2+ levels in soil [10]; promotion of cation absorption in plants, resulting in
H+ release from roots to balance charges [44]; stimulation of root exudate secretion (e.g.,
polysaccharides, amino acids, and organic acids), enhancing nutrient availability and
altering soil conditions [45]; increased acid functional groups during oxidation [46]; and
provision of exchangeable Ca2+ and Mg2+, enabling replacement of Na+ in soil colloids [47].
Collectively, these factors create an optimal environment for healthy plant growth and
development [48].

Thus, biochar produced from corncobs showed a reduction in the SAR and ESP of
the soil when applied to the soil in greater proportions. This is because it selectively
adsorbs sodium (Na+) in its porous, negatively charged structure while simultaneously
releasing divalent cations (Ca2+, Mg2+), which displace Na+ from the exchange sites. As a
result, the cation ratio in the soil solution (SAR) improved, and the availability of soluble
and exchangeable cations (Ca2+, Mg2+, K+) for the crop increased. These nutrients were
absorbed by the plant roots and translocated to the aerial part.

These findings align with those of Zhou et al. [49], who noted that reducing Na+

uptake in crops through biochar application significantly improves K+ uptake and main-
tains the optimal K+/Na+ ratio. This is further supported by Moradi et al. [50] and
Bacha and Iqbal [51], who also highlighted biochar’s role in enhancing soil fertility and
mitigating salinity, thereby creating a more favorable environment for plant growth, as
discussed earlier.

It is essential to note that improvements in the chemical properties of saline soils are
also contingent upon the rate and type of biochar applied. As Huang et al. [39] emphasized,
these factors must be carefully considered before biochar is applied to saline-affected soils,
as they can significantly impact soil ecology and biochemistry. Similarly, Wang et al. [52]
pointed out that the benefits of biochar are highly dependent on the pyrolysis conditions,
including temperature, duration, feedstock type, initial soil physicochemical properties,
and the interaction time between biochar and soil.

In the present study, we observed that applying 1.5% and 3% biochar—produced from
corncob residues (Z. mays) pyrolyzed at 550 ◦C for 2 h—to a clay soil affected by NaCl at
varying concentrations (S1, S2, and S3) resulted in significant improvements in chemical
properties (pH, EC, SAR, and ESP) after 100 days of interaction.
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The stable and porous structure of corncob biochar is likely to be a key factor in these
results, as it significantly increases the specific surface area available for adsorbing Na+

from the soil. As a consequence, soil fertility is improved and crop-damaging salinity is
reduced [53].

4.3. Influence of Biochar on the Growth and Yield of Cicer arietinum

According to Alkharabsheh et al. [54], increased biochar addition significantly en-
hances soil nutrient availability and stimulates crop production. However, the beneficial
effects of biochar on soil typically depend on soil type and properties, soil buffering capacity,
and sufficient interaction time between biochar and the soil microenvironment [38].

In the present study, it was found that the application of biochar at doses of 1.5% and
3% in the soils of the different groups (S1, S2, and S3) significantly improved the growth
and development of C. arietinum, which was evident in all the morphometric variables
evaluated. In contrast, in the treatments without biochar, a notable decrease was observed
in the growth, development, and yield of the C. arietinum crop.

Potential mechanisms by which biochar may have promoted the growth of Cicer ariet-
inum include (a) the supply of macronutrients and micronutrients, (b) increased soil organic
carbon content, and (c) reduction in Na+ via electrostatic adsorption [38]. Collectively, these
factors improve soil fertility, enhancing crop nutrient uptake efficiency.

Another mechanism that may explain biochar’s positive effects on C. arietinum cul-
tivation involves its ability to induce biochemical changes in foliar tissue [55]. Biochar
application has been associated with reduced concentrations of proline, oxalic acid, and
certain phenolic compounds, as was observed in Pennisetum glaucum after being cultivated
in a saline soil [55,56]. These biochemical modifications could explain the increases in leaf
area and overall crop growth [57,58].

On the other hand, the enhanced productivity of the C. arietinum crop following
biochar application in soils (S1, S2, and S3) can be attributed to biochar’s ability to improve
plant morphology through several indirect benefits, including reducing oxidative stress by
degrading O2

− concentrations [59]; mitigating osmotic stress by enhancing water retention
capacity [60]; decreasing the production of phytohormones such as abscisic acid (ABA) and
jasmonic acid (JA), thereby increasing the crop’s salinity tolerance [61]; and stimulating
microbial and enzymatic activities in the soil [62].

Schmierer et al. [63] noted that nitrogen (N) has a significant impact on the organic
structure, physiological characteristics, and synthesis and distribution of biomass in plants,
and is the factor that most affects dry matter production. On the other hand, phosphorus
(P) has a notable influence on leaf area, photosynthesis, and carbon metabolism, which in
turn affects tillering, biomass accumulation, and crop yield [64]. Regarding potassium (K),
ref. [65] reported that this cation regulates stomatal movement, osmotic adjustment, charge
balance, steady-state enzyme activation, membrane potential, and membrane protein
transport. Therefore, the complex interactions between N, P, and K determine nutrient
homeostasis and, consequently, plant growth and development [66].

In line with the importance of K in plant development, the K/Na ratio is considered a
crucial factor in improving crop growth and yield. Enhancing K availability through the use
of biochar can optimize this ratio, thereby promoting plant growth and productivity [67].

Other micronutrients such as calcium (Ca2+) and magnesium (Mg2+) also play critical
roles in plant physiological processes. These micronutrients actively participate in various
metabolic activities; for example, the Ca2+ serves as an intracellular messenger for many
signal transductions, including abscisic acid (ABA), reactive oxygen species (ROS), and
nitric oxide (NO) [57]. Furthermore, Ca2+ has been reported to help resist adverse damage
(to some extent) in abiotically stressed plants through several mechanisms, including
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the regulation of the sodium/potassium ion (Na+/K+) ratio, ABA concentration, cell
wall/plasma membrane stabilization, recognition of the Ca2+/Ca2+-dependent protein
kinase system (CDPKs), and initiation of specific gene expression [68].

On the other hand, magnesium (Mg2+) is a vital cation in various physiological and
biochemical processes in plants, such as photosynthesis, carbohydrate partitioning, and
protein synthesis [69]. Its function as a cofactor and allosteric modulator of over 300 en-
zymes, including carboxylases, phosphatases, kinases, RNA polymerases, and ATPases, is
fundamental for plant growth and development, as it participates in key processes such as
cell division and regulation of cellular processes.

According to Tian et al. [70], the Mg concentrations required for optimal plant growth
should range from 1.5 to 3.5 mg g−1 of dry weight in vegetative tissues, as concentrations
below this threshold tend to result in reduced plant growth and altered biomass distribution
among organs. This situation was observed in the present study, specifically in treatments
where a higher concentration of biochar (3%) was applied.

On the other hand, soil with biochar applied to it enhanced the crop productivity of
C. arietinum (chickpea) thanks to its indirect benefits. This beneficial effect can be partly
attributed to biochar’s ability to mitigate oxidative stress through mechanisms such as
neutralizing oxygen free radicals, deactivating reactive oxygen species, enhancing the
plant’s endogenous antioxidant activity, and modulating soil pH [71].

According to Li et al. [72], biochar can increase soil porosity and water absorption
capacity, enabling it to retain more water and release it gradually due to its porous structure,
which traps and retains water, reducing leaching losses. Additionally, studies—including
that of Palansooriya et al. [73]—have shown that biochar enhances soil microbial activity
by providing a suitable habitat for beneficial microorganisms (e.g., bacteria and fungi)
which, in turn, improve soil structure and water retention. Furthermore, research by
Juriga et al. [74] indicated that biochar also acts as a soil amendment, correcting soil
structure and porosity while mitigating compaction and promoting permeability. These are
factors that, overall, could have favored the growth and development of C. arietinum under
saline stress.

Other studies, such as that by Egamberdieva et al. [61], have also highlighted biochar’s
ability to enhance plant tolerance to NaCl by reducing the production of stress-related
phytohormones and improving soil conditions. This is attributed to its capacity to adsorb
salts and limit their bioavailability—a factor that likely contributed to the healthy growth
and development of the C. arietinum crop, and increased yield under saline stress conditions.
These findings are consistent with those of Moradi et al. [50] and Bacha and Iqbal, [51], who
pointed out that biochar improves soil fertility and plays an important role in reducing
soil salinity.

In this way, the biochar produced from corncobs demonstrated the ability to sig-
nificantly enhance the development of C. arietinum under moderately saline conditions,
increasing root and shoot growth as well as biomass production, resulting in more resilient
plants with higher yields—as observed in this study when applying biochar doses of 1.5%
and 3%. This improvement was achieved due to three key properties of the biochar used.
First, its porosity enhanced soil water retention, promoting the leaching of accumulated
salts and improving root aeration. Second, its remarkable adsorption capacity allowed it to
capture toxic ions such as sodium (Na+) and chloride (Cl−), reducing their availability to
the crop while retaining essential nutrients such as potassium (K+), calcium (Ca2+), and
magnesium (Mg2+), thereby preventing their loss through leaching. Finally, its mineral con-
tribution enriched the soil with nutrients such as nitrogen (N), phosphorus (P), potassium
(K), and micronutrients while also regulating pH toward neutral levels, mitigating saline
stress (EC). These synergistic mechanisms not only reduced NaCl toxicity but may also
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have contributed to improving soil fertility and stimulated microbial activity, optimizing
conditions for proper C. arietinum crop growth.

4.4. Field Application Potential and Comparison with Other Amendments

Although this study was conducted under greenhouse conditions, its findings
demonstrate significant potential for field applications. The biochar doses used [1.5%
(≈18.7 Mg ha−1) and 3% (≈37.4 Mg ha−1)] to remediate saline soils fall within the ranges
employed in previous studies across different regions. For instance, Sun et al. [75] applied
7.5, 15, and 30 Mg ha−1 of wheat straw biochar in a field experiment in China, success-
fully reducing salinity and improving the yield of corn and barley in rotation. Similarly,
Ali et al. [55] tested doses of 5 to 20 Mg ha−1 of corn cob biochar in Egypt, proving its
effectiveness in enhancing Pennisetum glaucum L. productivity in saline soils.

Furthermore, it is important to highlight that, when comparing the amount of biochar
used in this study with the doses of other amendments commonly employed in agronomic
practice to mitigate soil salinity, such as gypsum [CaSO4·2H2O], the results are comparable.
For example, in the study by Aljughaiman [76], agricultural gypsum was applied at rates
of 20 and 40 Mg ha−1 to improve wheat yield under saline conditions—at a magnitude
similar to the quantities used in this work.

While the efficacy of biochar in improving soil chemical properties depends on multi-
ple factors—including initial soil salinity, feedstock material, pyrolysis conditions (slow
or fast), biochar physicochemical characteristics (particle size, porosity, and surface area),
application rate, and soil persistence [77]—its large-scale implementation remains chal-
lenging due to high costs and technical production limitations [78]; however, using corn
cobs as a feedstock could help reduce costs, as studies show that the raw material and its
accessibility represents more than 11% of the total cost of biochar production [79].

5. Conclusions
This study demonstrated that the application of corncob-derived biochar at rates of

1.5% and 3% significantly improved the chemical properties of clay soil—specifically
pH, electrical conductivity (EC), sodium adsorption ratio (SAR), and exchangeable
sodium percentage (ESP)—under non-leaching conditions across varying salinity levels
(S1 = 1.2 dS m−1, S2 = 4.2 dS m−1, and S3 = 5.6 dS m−1). These enhancements were
accompanied by notable improvements in the growth and productivity of Cicer arietinum
L., including increases in plant height, root length, biomass accumulation, stem diameter,
leaf area, pod number, and fruit yield.

Yield data revealed that the 3% biochar treatment consistently outperformed the 1.5%
application, achieving increases of 1.66%, 19.5%, and 26% in S1, S2, and S3, respectively.
These findings underscore the superior efficacy of the higher biochar dose in mitigating
salinity stress and enhancing crop performance. Overall, the use of 3% corncob biochar
presents a promising and sustainable strategy for improving soil quality and agricultural
productivity in saline environments.

This research focused on the short-term impacts of biochar under controlled conditions.
Nevertheless, future investigations should address its long-term performance in real-world
field settings, considering diverse soil types and varying salinity levels. Additionally,
examining its integration with other soil remediation strategies could enhance both its
efficiency and sustainability. Further studies should also include multi-season field trials,
assessments of soil microbial communities, and analyses of economic viability.

The findings of this research are particularly relevant for sustainable and circular
agriculture, as they demonstrate that the proper processing and reuse of byproducts
(corncob waste-based biochar) can not only optimize the yield of marginal areas, such as
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saline soils, but also contribute to the conservation of environmental resources, thereby
closing the productive cycles.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/soilsystems9030071/s1, Table S1: Physicochemical characterization
of the biochar; Table S2: Energy spectrum analysis for biochar surface; Figure S1: Micrograph of
corncob biochar, the micropores have an average diameter of 28 µm and the micropores of about
2 µm.

Author Contributions: Conceptualization, M.A.L.-H. and D.Á.-B.; methodology, M.A.L.-H.; validation,
J.P.-I., E.C.-B. and M.d.l.L.X.N.-R.; formal analysis, M.A.L.-H.; investigation, M.A.L.-H.; resources,
D.Á.-B.; data curation, E.C.-B.; writing—original draft preparation, M.A.L.-H.; writing—review and
editing, M.A.L.-H., D.Á.-B., E.C.-B., M.d.l.L.X.N.-R. and J.P.-I.; supervision, M.d.l.L.X.N.-R.; project
administration, D.Á.-B.; funding acquisition, D.Á.-B. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Secretaría de Investigación y Posgrado of IPN (Instituto
Politécnico Nacional) under Grant [20241174-20250173].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

EC Electrical conductivity
SAR Sodium absorption ratio
ESP Exchangeable sodium percentage
CEC Cation exchange capacity

References
1. Mishra, A.K.; Das, R.; Kerry, R.G.; Biswal, B.; Sinha, T.; Sharma, S.; Arora, P.; Kumar, M. Promising management strategies to

improve crop sustainability and to amend soil salinity. Front. Environ. Sci. 2023, 10, 962581. [CrossRef]
2. Hossain, S.; Rahman, G.M.; Alam, S.; Mashuk, H.; Rahman, M. Empirical model and variability of soil salinity in the coastal zone

of Bangladesh. Eurasian J. Soil Sci. 2019, 8, 144–151. [CrossRef]
3. El-Ramady, H.; Prokisch, J.; Mansour, H.; Bayoumi, Y.A.; Shalaby, T.A.; Veres, S.; Brevik, E.C. Review of Crop Response to Soil

Salinity Stress: Possible Approaches from Leaching to Nano-Management. Soil Syst. 2024, 8, 11. [CrossRef]
4. Munns, R.; Passioura, J.B.; Colmer, T.D.; Byrt, C.S. Osmotic adjustment and energy limitations to plant growth in saline soil. New

Phytol. 2020, 225, 1091–1096. [CrossRef]
5. Mekawy, A.M.M.; Assaha, D.V.M.; Li, J.; Ueda, A. Astaxanthin application enhances salinity tolerance in rice seedlings by abating

oxidative stress effects and enhancing Na+/K+ homeostatic balance. Plant Growth Regul. 2024, 103, 609–623. [CrossRef]
6. Sharma, M.; Tisarum, R.; Kohli, R.K.; Batish, D.R.; Cha-um, S.; Singh, H.P. Inroads into saline-alkaline stress response in plants:

Unravelling morphological, physiological, biochemical, and molecular mechanisms. Planta 2024, 259, 130. [CrossRef]
7. Khan, S.; Irshad, S.; Mehmood, K.; Hasnain, Z.; Nawaz, M.; Rais, A.; Gul, S.; Wahid, M.A.; Hashem, A.; Abd_Allah, E.F.; et al.

Biochar Production and Characteristics, Its Impacts on Soil Health, Crop Production, and Yield Enhancement: A Review. Plants
2024, 13, 166. [CrossRef]

8. Zhang, Y.; Miao, S.; Song, Y.; Wang, X.; Jin, F. Biochar Application Reduces Saline–Alkali Stress by Improving Soil Functions and
Regulating the Diversity and Abundance of Soil Bacterial Community in Highly Saline–Alkali Paddy Field. Sustainability 2024,
16, 1001. [CrossRef]

https://www.mdpi.com/article/10.3390/soilsystems9030071/s1
https://www.mdpi.com/article/10.3390/soilsystems9030071/s1
https://doi.org/10.3389/fenvs.2022.962581
https://doi.org/10.18393/ejss.541344
https://doi.org/10.3390/soilsystems8010011
https://doi.org/10.1111/nph.15862
https://doi.org/10.1007/s10725-024-01132-2
https://doi.org/10.1007/s00425-024-04368-4
https://doi.org/10.3390/plants13020166
https://doi.org/10.3390/su16031001


Soil Syst. 2025, 9, 71 15 of 17

9. Sultan, H.; Li, Y.; Ahmed, W.; Yixue, M.; Shah, A.; Faizan, M.; Ahmad, A.; Abbas, H.M.M.; Nie, L.; Khan, M.N. Biochar and nano
biochar: Enhancing salt resilience in plants and soil while mitigating greenhouse gas emissions: A comprehensive review. J.
Environ. Manag. 2024, 355, 120448. [CrossRef]

10. Saifullah; Dahlawi, S.; Naeem, A.; Rengel, Z.; Naidu, R. Biochar application for the remediation of salt-affected soils: Challenges
and opportunities. Sci. Total Environ. 2018, 625, 320–335. [CrossRef]

11. Qian, S.; Zhou, X.; Fu, Y.; Song, B.; Yan, H.; Chen, Z.; Sun, Q.; Ye, H.; Qin, L.; Lai, C. Biochar-compost as a new option for soil
improvement: Application in various problem soils. Sci. Total Environ. 2023, 870, 162024. [CrossRef]

12. Kizito, S.; Luo, H.; Lu, J.; Bah, H.; Dong, R.; Wu, S. Role of nutrient-enriched biochar as a soil amendment during maize growth:
Exploring practical alternatives to recycle agricultural residuals and to reduce chemical fertilizer demand. Sustainability 2019, 11,
3211. [CrossRef]

13. Coppa, E.; Quagliata, G.; Venanzi, R.; Bruschini, A.; Bianchini, L.; Picchio, R.; Astolfi, S. Potential Use of Biochar as a Mitigation
Strategy for Salinity-Related Issues in Tomato Plants (Solanum lycopersicum L.). Environments 2024, 11, 17. [CrossRef]

14. Bagues, M.; Neji, M.; Karbout, N.; Boussora, F.; Triki, T.; Guasmi, F.; Nagaz, K. Mitigating Salinity Stress in Barley (Hordeum
vulgare L.) through Biochar and NPK Fertilizers: Impacts on Physio-Biochemical Behavior and Grain Yield. Agronomy 2024, 14,
317. [CrossRef]

15. Murtaza, G.; Rizwan, M.; Usman, M.; Hyder, S.; Akram, M.I.; Deeb, M.; Alkahtani, J.; AlMunqedhi, B.M.; Hendy, A.S.; Ali, M.R.;
et al. Biochar enhances the growth and physiological characteristics of Medicago sativa, Amaranthus caudatus and Zea mays in
saline soils. BMC Plant Biol. 2024, 24, 304. [CrossRef]

16. Asati, R.; Tripathi, M.K.; Yadav, R.K.; Tiwari, S.; Chauhan, S.; Tripathi, N.; Solanki, R.S.; Yasin, M. Morphological Description of
Chickpea (Cicer arietanum L.) Genotypes Using DUS Characterization. Int. J. Environ. Clim. Chang. 2023, 13, 1321–1341. [CrossRef]

17. Yadav, R.K.; Tripathi, M.K.; Tiwari, S.; Tripathi, N.; Asati, R.; Patel, V.; Sikarwar, R.S.; Payasi, D.K. Breeding and Genomic
Approaches towards Development of Fusarium Wilt Resistance in Chickpea. Life 2023, 13, 988. [CrossRef]

18. Kaur, K.; Grewal, S.K.; Gill, P.S.; Singh, S. Comparison of cultivated and wild chickpea genotypes for nutritional quality and
antioxidant potential. J. Food Sci. Technol. 2019, 56, 1864–1876. [CrossRef]

19. Tiwari, S.; Sahu, V.K.; Gupta, N.; Tripathi, M.K.; Yasin, M. Evaluation of physiological and biochemical contents in desi and
Kabuli chickpea. Legum. Res. Int. J. 2022, 45, 1197–1208. [CrossRef]

20. Erokhin, V.; Diao, L.; Gao, T.; Andrei, J.-V.; Ivolga, A.; Zong, Y. The supply of calories, proteins, and fats in low-income countries:
A four-decade retrospective study. Int. J. Environ. Res. Public Health 2021, 18, 7356. [CrossRef]

21. Kaur, G.; Sanwal, S.K.; Sehrawat, N.; Kumar, A.; Kumar, N.; Mann, A. Getting to the roots of Cicer arietinum L. (chickpea) to study
the effect of salinity on morpho-physiological, biochemical and molecular traits. Saudi J. Biol. Sci. 2022, 29, 103464. [CrossRef]

22. Orozco, L.E.M.; Orozco, I.N.M. Mobile autothermic prototype for biochar production using biomass of avocado crop byproducts.
Terra Latinoam. 2018, 36, 121–129.

23. International Biochar Initiative. Standardized Product Definition and Product Testing Guidelines for Biochar That Is Used in Soil;
International Biochar Initiative: Philadelphia, PA, USA, 2015; p. 23.

24. SEMARNAT. Norma Oficial Mexicana NOM-021-SEMARNAT-2000 que Establece las Especific Aciones de Fertilidad, Salinidad y
Clasificación de Suelos, Estudio, Muestreo y Análisis; SEMARNAT: Mexico City, Mexico, 2002.

25. Alef, K.; Nannipieri, P. (Eds.) Methods in Applied Soil Microbiology and Biochemistry; Academic Press: Cambridge, MA, USA, 1995;
pp. xix+–576.

26. Hussain, A.; Kandari, A.; Kotiyal, S.; Kumar, V.; Upadhyay, S.; Ahmad, W.; Singh, A.; Kumar, S. Hydrothermal liquefaction for
biochar production from finger millet waste: Its valorisation, process optimization, and characterization. RSC Adv. 2024, 14,
24492–24502. [CrossRef]

27. Awan, S.; Ippolito, J.A.; Ullman, J.L.; Ansari, K.; Cui, L.; Siyal, A.A. Biochars reduce irrigation water sodium adsorption ratio.
Biochar 2021, 3, 77–87. [CrossRef]

28. Robbins, C.W. Sodium adsorption ratio-exchangeable sodium percentage relationships in a high potassium saline-sodic soil. Irrig.
Sci. 1984, 5, 173–179. [CrossRef]

29. Carter, M.R. Analysis of Soil Organic Matter Storage in Agroecosystems. In Structure and Organic Matter Storage in Agricultural
Soils, 1st ed.; Carter, M.R., Stewart, B.A., Eds.; Routledge: London, UK, 1995; p. 9.

30. EPA Method. EPA Method. EPA Method 3052: Microwave Assisted Acid Digestion of Siliceous and Organically Based Matrices.
In Test Methods for Evaluating Solid Waste; EAP: Washington, DC, USA, 1996.

31. Kalra, Y.P. Handbook of Reference Methods for Plant Analysis; CRC Press: Boca Raton, FL, USA, 2019.
32. Rahimikhoob, H.; Delshad, M.; Habibi, R. Leaf area estimation in lettuce: Comparison of artificial intelligence-based methods

with image analysis technique. Measurement 2023, 222, 113636. [CrossRef]
33. McCullum, R.; Saifullah; Bowyer, M.; Vuong, Q.V. The impact of drying method and temperature on the colour and functional

quality of Illawarra plum (Podocarpus elatus). Appl. Food Res. 2024, 4, 100407. [CrossRef]
34. Jiang, J. Large Sample Techniques for Statistics, 2nd ed.; Springer: Davis, CA, USA, 2010; Volume 102.

https://doi.org/10.1016/j.jenvman.2024.120448
https://doi.org/10.1016/j.scitotenv.2017.12.257
https://doi.org/10.1016/j.scitotenv.2023.162024
https://doi.org/10.3390/su11113211
https://doi.org/10.3390/environments11010017
https://doi.org/10.3390/agronomy14020317
https://doi.org/10.1186/s12870-024-04957-1
https://doi.org/10.9734/ijecc/2023/v13i92361
https://doi.org/10.3390/life13040988
https://doi.org/10.1007/s13197-019-03646-4
https://doi.org/10.18805/LR-4265
https://doi.org/10.3390/ijerph18147356
https://doi.org/10.1016/j.sjbs.2022.103464
https://doi.org/10.1039/D4RA03945A
https://doi.org/10.1007/s42773-020-00073-z
https://doi.org/10.1007/BF00264606
https://doi.org/10.1016/j.measurement.2023.113636
https://doi.org/10.1016/j.afres.2024.100407


Soil Syst. 2025, 9, 71 16 of 17

35. SAS. Statistical Analysis System; SAS Institute Inc.: Cary, NC, USA, 2003.
36. Singh, A. Soil salinity: A global threat to sustainable development. Soil Use Manag. 2022, 38, 39–67. [CrossRef]
37. Ondrasek, G.; Rathod, S.; Manohara, K.K.; Gireesh, C.; Anantha, M.S.; Sakhare, A.S.; Parmar, B.; Yadav, B.K.; Bandumula, N.;

Raihan, F.; et al. Salt stress in plants and mitigation approaches. Plants 2022, 11, 717. [CrossRef]
38. Liang, J.; Li, Y.; Si, B.; Wang, Y.; Chen, X.; Wang, X.; Chen, H.; Wang, H.; Zhang, F.; Bai, Y.; et al. Optimizing biochar application to

improve soil physical and hydraulic properties in saline-alkali soils. Sci. Total Environ. 2021, 771, 144802. [CrossRef]
39. Huang, K.; Li, M.; Li, R.; Rasul, F.; Shahzad, S.; Wu, C.; Shao, J.; Huang, G.; Li, R.; Almari, S.; et al. Soil acidification and salinity:

The importance of biochar application to agricultural soils. Front. Plant Sci. 2023, 14, 1206820. [CrossRef]
40. Ahanger, M.A.; Agarwal, R. Salinity stress induced alterations in antioxidant metabolism and nitrogen assimilation in wheat

(Triticum aestivum L.) as influenced by potassium supplementation. Plant Physiol. Biochem. 2017, 115, 449–460. [CrossRef]
[PubMed]

41. Xiao, L.; Yuan, G.; Feng, L.; Bi, D.; Wei, J. Soil properties and the growth of wheat (Triticum aestivum L.) and maize (Zea mays L.) in
response to reed (Phragmites communis) biochar use in a salt-affected soil in the Yellow River Delta. Agric. Ecosyst. Environ. 2020,
303, 107124. [CrossRef]

42. Yuan, Y.; Liu, Q.; Zheng, H.; Li, M.; Liu, Y.; Wang, X.; Peng, Y.; Luo, X.; Li, F.; Li, X.; et al. Biochar as a sustainable tool for
improving the health of salt-affected soils. Soil Environ. Health 2023, 1, 100033. [CrossRef]

43. Shaygan, M.; Reading, L.P.; Baumgartl, T. Effect of physical amendments on salt leaching characteristics for reclamation. Geoderma
2017, 292, 96–110. [CrossRef]

44. Chi, W.; Nan, Q.; Liu, Y.; Dong, D.; Qin, Y.; Li, S.; Wu, W. Stress resistance enhancing with biochar application and promotion on
crop growth. Biochar 2024, 6, 43. [CrossRef]

45. Bornø, M.L.; Müller-Stöver, D.S.; Liu, F. Biochar modifies the content of primary metabolites in the rhizosphere of well-watered
and drought-stressed Zea mays L. (maize). Biol. Fertil. Soils 2022, 58, 633–647. [CrossRef]

46. Liu, X.H.; Zhang, X.C. Effect of biochar on pH of alkaline soils in the loess plateau: Results from incubation experiments. Int. J.
Agric. Biol. 2012, 5, 745–750.

47. Zheng, H.; Wang, X.; Chen, L.; Wang, Z.; Xia, Y.; Zhang, Y.; Wang, H.; Luo, X.; Xing, B. Enhanced growth of halophyte plants in
biochar-amended coastal soil: Roles of nutrient availability and rhizosphere microbial modulation. Plant Cell Environ. 2018, 41,
517–532. [CrossRef]

48. Wang, X.; Ding, J.; Han, L.; Tan, J.; Ge, X.; Nan, Q. Biochar addition reduces salinity in salt-affected soils with no impact on soil
pH: A meta-analysis. Geoderma 2024, 443, 116845. [CrossRef]

49. Zhou, Z.; Li, Z.; Zhang, Z.; You, L.; Xu, L.; Huang, H.; Wang, X.; Gao, Y.; Cui, X. Treatment of the saline-alkali soil with acidic corn
stalk biochar and its effect on the sorghum yield in western Songnen Plain. Sci. Total Environ. 2021, 797, 149190. [CrossRef]

50. Moradi, S.; Rasouli-Sadaghiani, M.H.; Sepehr, E.; Khodaverdiloo, H.; Barin, M. Soil nutrients status affected by simple and
enriched biochar application under salinity conditions. Environ. Monit. Assess. 2019, 191, 257. [CrossRef]

51. Bacha, S.A.S.; Iqbal, B. Advancing agro-ecological sustainability through emerging genetic approaches in crop improvement for
plants. Funct. Integr. Genom. 2023, 23, 145. [CrossRef]

52. Wang, L.; Ok, Y.S.; Tsang, D.C.W.; Alessi, D.S.; Rinklebe, J.; Wang, H.; Mašek, O.; Hou, R.; O’Connor, D.; Hou, D. New trends in
biochar pyrolysis and modification strategies: Feedstock, pyrolysis conditions, sustainability concerns and implications for soil
amendment. Soil Use Manag. 2020, 36, 358–386. [CrossRef]

53. Xiao, L.; Yuan, G.; Feng, L.; Shah, G.M.; Wei, J. Biochar to reduce fertilizer use and soil salinity for crop production in the Yellow
River Delta. J. Soil Sci. Plant Nutr. 2022, 22, 1478–1489. [CrossRef]

54. Alkharabsheh, H.M.; Seleiman, M.F.; Battaglia, M.L.; Shami, A.; Jalal, R.S.; Alhammad, B.A.; Almutairi, K.F.; Al–Saif, A.M. Biochar
and its broad impacts in soil quality and fertility, nutrient leaching and crop productivity: A Review. Agronomy 2021, 11, 993.
[CrossRef]

55. Ali, E.F.; Al-Yasi, H.M.; Kheir, A.M.S.; Eissa, M.A. Effect of biochar on CO2 sequestration and productivity of pearl millet plants
grown in saline sodic soils. J. Soil Sci. Plant Nutr. 2021, 21, 897–907. [CrossRef]

56. Almaroai, Y.A.; Eissa, M.A. Effect of biochar on yield and quality of tomato grown on a met-al-contaminated soil. Sci. Hortic.
2020, 265, 109210. [CrossRef]

57. Eissa, M.A.; Abeed, A.H. Growth and biochemical changes in quail bush (Atriplex lentiformis (Torr.) S. Wats) under Cd stress.
Environ. Sci. Pollut. Res. 2019, 26, 628–635.

58. Al-Sayed, H.M.; Hegab, S.A.; Youssef, M.A.; Khalafalla, M.Y.; Almaroai, Y.A.; Ding, Z.; Eissa, M.A. Evaluation of quality and
growth of roselle (Hibiscus sabdariffa L.) as affected by bio-fertilizers. J. Plant Nutr. 2020, 43, 1025–1035. [CrossRef]

59. Farhangi-Abriz, S.; Torabian, S. Effect of biochar on growth and ion contents of bean plant under saline condition. Environ. Sci.
Pollut. Res. 2018, 25, 11556–11564. [CrossRef]

60. Ibrahim, M.E.H.; Ali, A.Y.A.; Elsiddig, A.M.I.; Zhou, G.; Nimir, N.E.A.; Agbna, G.H.; Zhu, G. Mitigation effect of biochar on
sorghum seedling growth under salinity stress. Pak. J. Bot. 2021, 53, 387–392. [CrossRef]

https://doi.org/10.1111/sum.12772
https://doi.org/10.3390/plants11060717
https://doi.org/10.1016/j.scitotenv.2020.144802
https://doi.org/10.3389/fpls.2023.1206820
https://doi.org/10.1016/j.plaphy.2017.04.017
https://www.ncbi.nlm.nih.gov/pubmed/28478373
https://doi.org/10.1016/j.agee.2020.107124
https://doi.org/10.1016/j.seh.2023.100033
https://doi.org/10.1016/j.geoderma.2017.01.007
https://doi.org/10.1007/s42773-024-00336-z
https://doi.org/10.1007/s00374-022-01649-6
https://doi.org/10.1111/pce.12944
https://doi.org/10.1016/j.geoderma.2024.116845
https://doi.org/10.1016/j.scitotenv.2021.149190
https://doi.org/10.1007/s10661-019-7393-4
https://doi.org/10.1007/s10142-023-01074-4
https://doi.org/10.1111/sum.12592
https://doi.org/10.1007/s42729-021-00747-y
https://doi.org/10.3390/agronomy11050993
https://doi.org/10.1007/s42729-021-00409-z
https://doi.org/10.1016/j.scienta.2020.109210
https://doi.org/10.1080/01904167.2020.1711938
https://doi.org/10.1007/s11356-018-1446-z
https://doi.org/10.30848/PJB2021-2(21)


Soil Syst. 2025, 9, 71 17 of 17

61. Egamberdieva, D.; Alaylar, B.; Kistaubayeva, A.; Wirth, S.; Bellingrath-Kimura, S.D. Biochar for Improving Soil Biological
Properties and Mitigating Salt Stress in Plants on Salt-affected Soils. Commun. Soil Sci. Plant Anal. 2022, 53, 140–152. [CrossRef]

62. Anwar, T.; Munwwar, F.; Qureshi, H.; Siddiqi, E.H.; Hanif, A.; Anwaar, S.; Gul, S.; Waheed, A.; Alwahibi, M.S.; Kamal, A.
Synergistic effect of biochar-based compounds from vegetable wastes and gibberellic acid on wheat growth under salinity stress.
Sci. Rep. 2023, 13, 19024. [CrossRef]

63. Schmierer, M.; Knopf, O.; Asch, F. Growth and Photosynthesis Responses of a Super Dwarf Rice Genotype to Shade and Nitrogen
Supply. Rice Sci. 2021, 28, 178–190. [CrossRef]

64. Lambers, H. Phosphorus Acquisition and Utilization in Plants. Annu. Rev. Plant Biol. 2022, 73, 17–42. [CrossRef]
65. Hou, W.; Tränkner, M.; Lu, J.; Yan, J.; Huang, S.; Ren, T.; Cong, R.; Li, X. Interactive effects of nitrogen and potassium on

photosynthesis and photosynthetic nitrogen allocation of rice leaves. BMC Plant Biol. 2019, 19, 302. [CrossRef]
66. Chakraborty, K.; Bhaduri, D.; Meena, H.N.; Kalariya, K. External potassium (K+) application improves salinity tolerance by

promoting Na+-exclusion, K+-accumulation and osmotic adjustment in contrasting peanut cultivars. Plant Physiol. Biochem. 2016,
103, 143–153. [CrossRef]

67. Jiaying, M.; Tingting, C.; Jie, L.; Weimeng, F.; Baohua, F.; Guangyan, L.; Hubo, L.; Juncai, L.; Zhihai, W.; Longxing, T.; et al.
Functions of Nitrogen, Phosphorus and Potassium in Energy Status and Their Influences on Rice Growth and Development. Rice
Sci. 2022, 29, 166–178. [CrossRef]

68. Feng, D.; Wang, X.; Gao, J.; Zhang, C.; Liu, H.; Liu, P.; Sun, X. Exogenous calcium: Its mechanisms and research advances involved
in plant stress tolerance. Front. Plant Sci. 2023, 14, 1143963. [CrossRef]

69. Xie, K.; Cakmak, I.; Wang, S.; Zhang, F.; Guo, S. Synergistic and antagonistic interactions between potassium and magnesium in
higher plants. Crop. J. 2021, 9, 249–256. [CrossRef]

70. Tian, X.-Y.; He, D.-D.; Bai, S.; Zeng, W.-Z.; Wang, Z.; Wang, M.; Wu, L.-Q.; Chen, Z.-C. Physiological and molecular advances in
magnesium nutrition of plants. Plant Soil 2021, 468, 1–17. [CrossRef]

71. Wu, Y.; Wang, X.; Zhang, L.; Zheng, Y.; Liu, X.; Zhang, Y. The critical role of biochar to mitigate the adverse impacts of drought
and salinity stress in plants. Front. Plant Sci. 2023, 14, 1163451. [CrossRef]

72. Li, L.; Zhang, Y.-J.; Novak, A.; Yang, Y.; Wang, J. Role of biochar in improving sandy soil water retention and resilience to drought.
Water 2021, 13, 407. [CrossRef]

73. Palansooriya, K.N.; Wong, J.T.F.; Hashimoto, Y.; Huang, L.; Rinklebe, J.; Chang, S.X.; Bolan, N.; Wang, H.; Ok, Y.S. Response of
microbial communities to biochar-amended soils: A critical review. Biochar 2019, 1, 3–22. [CrossRef]

74. Juriga, M.; Aydın, E.; Horák, J.; Chlpík, J.; Rizhiya, E.Y.; Buchkina, N.P.; Balashov, E.V.; Šimanský, V. The importance of initial
ap-plication and reapplication of biochar in the context of soil structure improvement. J. Hydrol. Hydromech. 2021, 69, 87–97.
[CrossRef]

75. Sun, Y.; Chen, X.; Yang, J.; Luo, Y.; Yao, R.; Wang, X.; Xie, W.; Zhang, X. Biochar Effects Coastal Saline Soil and Improves Crop
Yields in a Maize-Barley Rotation System in the Tidal Flat Reclamation Zone, China. Water 2022, 14, 3204. [CrossRef]

76. Aljughaiman, A.S. Impact of salinity of irrigation water and gypsum application on soil properties and yield of wheat plant.
Plant Arch. 2020, 20, 3535–3542.

77. Xiao, L.; Yuan, G.; Feng, L.; Bi, D.; Wei, J.; Shen, G.; Liu, Z. Coupled effects of biochar use and farming practice on physical
properties of a salt-affected soil with wheat–maize rotation. J. Soils Sediments 2020, 20, 3053–3061. [CrossRef]

78. Campion, L.; Bekchanova, M.; Malina, R.; Kuppens, T. The costs and benefits of biochar production and use: A systematic review.
J. Clean. Prod. 2023, 408, 137138. [CrossRef]

79. Wang, Y.; Lin, Q.; Liu, Z.; Liu, K.; Wang, X.; Shang, J. Salt-affected marginal lands: A solution for biochar production. Biochar 2023,
5, 21. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/00103624.2021.1993884
https://doi.org/10.1038/s41598-023-46487-0
https://doi.org/10.1016/j.rsci.2021.01.007
https://doi.org/10.1146/annurev-arplant-102720-125738
https://doi.org/10.1186/s12870-019-1894-8
https://doi.org/10.1016/j.plaphy.2016.02.039
https://doi.org/10.1016/j.rsci.2022.01.005
https://doi.org/10.3389/fpls.2023.1143963
https://doi.org/10.1016/j.cj.2020.10.005
https://doi.org/10.1007/s11104-021-05139-w
https://doi.org/10.3389/fpls.2023.1163451
https://doi.org/10.3390/w13040407
https://doi.org/10.1007/s42773-019-00009-2
https://doi.org/10.2478/johh-2020-0044
https://doi.org/10.3390/w14203204
https://doi.org/10.1007/s11368-020-02616-0
https://doi.org/10.1016/j.jclepro.2023.137138
https://doi.org/10.1007/s42773-023-00219-9

	Introduction 
	Materials and Methods 
	Raw Material 
	Characterization of Biochar 
	Seed Material 
	Initial Physicochemical Analysis of the Soil 
	Treatments 
	Greenhouse Experiment 
	Chemical Analysis of Water 
	Chemical Analysis of the Soil 
	Chemical Analysis of Plants 
	Morphometric Variables 
	Data Analysis 

	Results 
	Cation Concentrations in Shoot and Root Tissues 
	Chemical Properties of Soil After Exposure to Different Salinity and Biochar Concentrations 
	Morphometric Variables of C. arietinum Under Varying Salinity and Biochar Doses 

	Discussion 
	Impact of Soil Salinity and Biochar’s Remediation Potential 
	Mechanisms of Biochar in Mitigating Salinity Stress 
	Influence of Biochar on the Growth and Yield of Cicer arietinum 
	Field Application Potential and Comparison with Other Amendments 

	Conclusions 
	References

