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Abstract. Plant growth is restricted in soils that have salinity and sodicity problems. In arable farming,
salinity of soils is the most common threat to soil productivity. Salt-affected soil is a widespread issue
that affects more than 100 countries worldwide. If we are to tackle the challenges of global food security,
we have to cultivate barren salt-affected soils. Soil affected by salt can be reclaimed using inorganic and
organic sources. The choice of an ameliorant for a given site depends largely on its geographical and
physicochemical characteristics. Currently, biochar is a popular soil amendment. Salt-affected soils can
be improved physically, chemically, and biologically by adding biochar. As a result of the biochar
application, drought-stressed and salt-stressed plants increased their growth, biomass, nutrient uptake, and
yield. Uptake of sodium by plants was decreased by biochar when exposed to salt stress, but it was
increased by potassium. An increase in tolerance to salt by plant can be attributed to soil properties,
reduce sodium uptake, improved nutrients uptake, and regulate phyto-hormones levels and stomata
opening and closing. Throughout this paper, the main focus was to review the constraints in salt-affected
soil and discuss recent studies related to the effects of biochar on soil properties and plant growth. Further
information was also provided on the functions of biochar as a soil amendment, and its interactions with
soil and plants to overcome problems and improve crop yield.
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Introduction

Global crop production is threatened by excessive salt and sodicity in the soil, which
affects over 7% of the world's land surface and is projected to cost $12 billion annually
to the agricultural sector (Qadir et al., 2014). According to the Food and Agriculture
Organization, salinity was anticipated to affect over 800 million hectares, causing a
major restriction on food production for a rapidly expanding population. It is important
to cultivate more crops to meet our future demographic needs, and this requires using
salt-affected land and saline water effectively. Irrigation accounts for almost 70% of all
freshwater usage worldwide. Salt-affected and saline water irrigated land composes at
least 20% of the world's irrigated land (Shrivastava and Kumar, 2015). Salinity also
affects approximately two million hectares of cropland annually (Munns and Gilliham,
2015). 50% of cropping acreage is expected to be lost by the middle of the 21st century
because of salinization. It is important to note that these problems also exist in some of
the world's subhumid and humid regions, especially along the coast (Ehtaiwesh, 2022).
Aside from salinization, approximately 30% of irrigated croplands worldwide suffer
from drought (Chaves et al., 2009). As a result of high temperatures during summer in
arid regions, huge amounts of salts are left behind because of evaporation losses. Arid
and semiarid climates normally produce soils containing high salts. However, salinity
problems occur when salts accumulate in the crop root zone causing a loss of yield
(Ehtaiwesh, 2022).

Poor drainage, low rainfall, and high evaporation contribute to excessive salt
accumulation in the root and decrease low yields. Consequently, saline and sodic soils
have low organic matter status and it prone to erosion due to poor plant growth
(Rengasamy et al., 2022). Saline soils also suffer from osmotic stress, which reduces
microbial growth. In contrast, sodic soils are subjected to ion toxicities and a high pH,
both are unfavourable for the microbial community. Salt-affected soils need to be
cultivated to address challenges associated with global food security (Saifullah et al.,
2018; Ehtaiwesh, 2022). Organic amendments have been suggested to improve soil
properties in high salinity conditions by many researchers. Organic matter addition to
salt-affected soils results in a decrease in the exchangeable sodium percentage (ESP)
and an improvement in water movement, water-holding capacity (WHC), stability of
aggregate, and soil microbial biomass (Wu et al., 2015). Depending on their chemical
composition, organic amendments may regenerate salt-affected soils in different ways
and therefore may affect the properties of these soils in different ways. It is reasonable
and reliable to employ biochar as an amendment to implement soil remediation because
it contains a multitude of beneficial properties (Chahal et al., 2017).

As a soil amendment, biochar (solid carbonaceous residue produced at temperatures
ranging from 300 to 1000°C without oxygen or oxygen-limited conditions) has recently
gained notable attention. Biochar addition improves salt-affected soil's properties
(Saifullah et al., 2018). Among the many uses of biochar, it is well known as a source of
divalent cations due to its carbon-rich nature and rapid thermal degradation at low
temperatures under a limited supply of oxygen (Laird et al., 2009). As an example,
Biochar added at a rate of 20 tonnes per hectare significantly increased calcium and
magnesium availability in Oxisols (Khan et al., 2024). In soils, these cations could
replace sodium for leaching, which could help to improve soil structure. Biochar
application reduces bulk density, improves soil aeration, aggregate stability, and
facilitates water infiltration. The primary focus of this paper was to review the
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constraints in salt-affected soil and discuss recent studies related to the effects of
biochar on soil properties and plant growth.

Salt-affected soils

Salt-affected soils typically contain high concentrations of dissolved salts, primarily
sodium chloride, calcium chloride, magnesium chloride, and sulfate chlorides. ESP
(exchangeable sodium percentage) of saturated paste extracts uses pH, EC, SAR
(sodium adsorption ratio), and ESP to identify if salt-affected soils are saline, sodic, or
saline-sodic (Fig. 1). Plant growth is impeded by salt-affected soils due to two factors:
(a) osmotic stress, which lowers plant water absorption; and (b) specific ion impacts,
which prevent plants from receiving necessary ions (Atta et al., 2023). A salty soil
solution adversely affects the soil biota and vegetation due to its altered osmotic and
matrix potentials (Dang et al., 2017). Conversely, sodicity alters soil properties, causing
deterioration in soil structure, lower water permeability, water penetration, and
hydraulic conductivity. Moreover, sodic areas are characterized by erosion, as well as
prolonged periods of water stagnation and altered hydrologic reactions (Bhattacharyya
et al., 2016; Ehtaiwesh, 2022).

SAR<13,pH, SAR =13,
<8.5,EC>4 pH>8.5,EC<4
dsfm,ESP < 15 dsfm, ESP> 15

Saline soil Saline- Sodic soil

SAR>13,
pH>85 EC>4
dsim, ESP> 15

Sodic soil

Figure 1. Types of salt-affected soils (Singh et al., 2019)

Influence of salts on soil characteristics

The adverse effects on soil properties may be greatly diminished or nonexistent in
soils containing small quantities of exchangeable sodium (e.g., exchangeable sodium of
0.7 me/100 g) and low cation exchange capacities (Table 1). Soils with coarse textures
(sandy) may have fewer restrictions on permeability and may tolerate water with a
greater SAR.
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Table 1. Various constraints exist in saline and sodic soil

S. No. Problems References

1. Soil particle disperses and reduces structural stability (Rengasamy et al., 2022)
Less nutrient availability, nutrient deficiencies, competitive

2. uptake, transport, and partitioning within plants (Bidalia et al., 2019)

3 Calcium and potassium deflc!ency QUe to ion activities and (Ehtaiwesh, 2022)
extreme ion ratios

Competing nutrients in sodic soils, result in potassium

4. deficiency (K) and phytotoxicity of sodium (Na), aluminium (Nguyen et al., 2022)
(Al), and iron (Fe)

5. High chloride concentration reduces N uptake (Yasuor et al., 2020)

6. Reduce symbiotic N fixation systems (Egamberdieva et al., 2018)

7. Reduce macronutrient nutrient availability (Das et al, 2023)

8. Phosphorus (P), potassium (K), and nitrogen (N) deficiency (Nguyen et al., 2022)

9. Osmotic stress and dehydration due to salt (Bidalia et al., 2019)

Reduction in microbial population and activity, including salt
10 stress, sodium toxicity, nutritional deficiency, COs", HCOg3, | (Chahal et al., 2017; Bidalia et
' and CI" levels, as well as loss of organic matter from the al., 2019)
degradation of the structure
11 Adverse effects on their microbial communities (Fungus (Li etal., 2021)

population than bacteria) due to elevated soluble salt content
12. Negative effect on microbial and biochemical activity in soil (Amini et al., 2016)
'The low inputs and high losses of organic matter result in poor

13. . (Mohanavelu et al., 2021)
organic matter content
14, Decreased soil organic carbon and total nitrogen content (Hassani et al., 2024)
15, Dispersion of so_ll_ aggregates, Whl_ch triggers the (Abdul Rahman et al., 2021)
decomposition of that organic matter

16. Mineralization rates like C and N are reduced (Zhang et al., 2019)

17 Reduced soil enzyme actlvg%(?réd mineralization of N, C, P, (Zhang et al., 2019)

18. Poor soil structural Stabl|lté/0(;li13 r;[]o adsorbed (exchangeable) (Rengasamy et al., 2022)

Salts’ effect on crop growth

Among the different stresses that salinity and sodicity affect germination, crop
growth, and yield is salinity (Table 2). Crop yields and crop suitability are affected by
soil salinity, as are plant nutrient availability, plant nutrient uptake, and soil
microorganism activity (Murad Muhammad et al., 2023). It has been shown that salinity
adversely affects crop plants via osmotic stress, resulting in a reduction in water
availability; and ionic stress, which changes the cell ionic balance, which is leading to
nutrient deficiencies and toxicity (Hazman et al., 2016). Among the factors that affect
nutrient availability and uptake in saline environments are factors related to soil and
plants (Ehtaiwesh, 2022).
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Table 2. Negative effects of salts in soil on crop growth

S. No. Particulars References

1. Salt damage crop during the early seedling stage (Ehtaiwesh and Rashed, 2019)

Lesser damage during seed germination compared to the
seedling stage
Reduction in an entire plant's biomass and yield because of
3. salts, as well as a reduction in the number of cells and leaf (Giuffrida et al., 2013)
area due to salts

2. (Ehtaiwesh and Rashed, 2019)

(Dourado et al., 2022; Al Hinai et

4. Net CO; assimilation and water use efficiency were reduced al., 2022)

Elevated CO; of salt stress causes chlorophyll concentrations

> and photosynthesis system 11 (Melgar et al., 2008)
6. Salinity affects plant hormone production (Mohammad Khani et al., 2018)
7. Abscisic acid receptors are increased in the leave (Shah et al., 2023)
8. Acetyl Salicylic (ASpII’In). a_IIewated the injuries caused by (Ehtaiwesh, 2022)
salinity stress
9. Salt contamination damages plant roots (Bernstein, 2019)
10. Salinity affects root growth and soil penetration (Vaishnavi et al., 2024)
11. Crop yield reduced (Atta et al., 2023)
12 Excesswg soil moisture, cpm_blned _Wl_th high soluble salt (Tarolli et al., 2024)
levels in the root zone, is either limited or prevented
13. Water movement in the 50|!S:|)tthe roots is slowed by more (Lu and Fricke, 2023)
Salt affects fresh weight, chlorophyll content, and electrolyte
14, leakage, antioxidant power, soluble proteins, free amino (Fedeli et al., 2024)

acids, and mineral content in plants

Knowledge gap which needs new insights

Through research on the long term impacts of plant-soil interaction should be done
using a multidisciplinary approach in soil science, plant pathology, plant physiology,
microbiology, and soil salinity under various climate scenarios. Effective design for
mitigation and adaptation strategies in the face of climate change, future work should
concentrate on building predictive models that replicate, plant-soil interactions under
salinity stress (Hao Tang et al., 2024). To determine precise salt levels and how to
control them, it is necessary to conduct more frequent and accurate salinity surveys
while exploring new areas with saline soil. To more fully assess the suitability of soils
and define the suitable area for salt-tolerant crops, research on mapping saline soils
should test other important criteria, such as soil type (especially divisions between clay,
loamy, and sandy soils), the occurrence of brackish groundwater, and crop growing
requirements in specific countries (Katarzyna Negacz et al., 2022). In order to maximize
the chances of reclamation success, land affected by salt should rely more on modeling
techniques (Shaygan et al., 2022). Instead of viewing soil health as only a variable to be
measured, researchers should view it as a general concept to advance knowledge. This
would help to establish soil health as a topic of study to which a wide range of
disciplines can contribute. One method to do this would be to list the research
conducted on each subject under the keyword “soil Health”. It will take cooperation
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from all parties concerned, especially a shared understanding between scientists and
stakeholders, to let the soil health concept fulfil its potential as a unifying idea that
incorporates soil functions (Lehmann et al., 2020). At present, there exists an
incomplete understanding of the most efficient ways to enhance saline-sodic soils to
facilitate sustainable agricultural production. This is particularly evident in the absence
of a systematic examination of the impacts of various amendments on a worldwide level
(Wand et al., 2024).

It takes a deep understanding of resource conservation and efficient use to restore
salty and alkaline soils, stop further growth, and manage soil and water. The absence of
scientific information and locally applicable solutions is the primary obstacle to
managing and reclamating soil in arid lowland areas. As a result, the following research
directions regarding the management of saline and sodic soils are advised: to examine
the physical, mineralogy or colloids, chemistry, biology, and other environmental,
economic, and social factors affecting soil salinity and sodicity as well as their
relationships; to forecast potential damages resulting from the growing issues with
salinity and sodicity; to educate farmers about the processes of salinisation and
alkalisation and to develop plans for preparedness against these issues. It is necessary to
look at the initial sources of the salt-containing elements in the nation's irrigation water
supplies and soils affected by salt. Based on the findings of several fieldwork and
laboratory investigations, we must identify and categorize salt-affected soils into several
types and classes (Stavi Illan et al., 2021). Maps of salt-affected soils at the zonal,
regional, and national levels must be created using reconnaissance and a thorough
analysis of dryland and irrigated soils. Technologies that are easily accessible must be
updated, made more widely known, and helped to reach end users. To serve as
guidelines for better water management techniques, we must create agricultural water
management manuals and bulletins (Stavi Illan et al., 2021). Exchangeable Na+ was
swapped out for inorganic modifications, which reduced.

To completely understand C dynamics in salt-affected soils, studies on the impact on
C stocks and fluxes are necessary to pinpoint the crucial problems about the breakdown
of soil organic matter and soil aggregation processes (Wong et al., 2010). In order to
generalize results to other comparable areas, computer modeling may be used to
evaluate the economic viability of various soil amelioration techniques. Furthermore,
computer modeling has proven to be a potentially helpful addition to experimental data
to stimulate the mobility and interaction of salt in sodic soils. But these models must be
tested in real-world settings (Qadir et al., 2001). Enhancing the sensing techniques
beyond retrieval systems is also recommended in order to enable large-scale direct
detection of salinization and water logging characteristics. By utilizing data from
numerous satellite, which reduces spatial resolution issues by boosting system
efficiency, it is also advised that current time lag between the occurrence and recording
various data be improved in future. Future research is required to address the
environmental issues of soil salinisation and waterlogging in irrigated areas caused by
inadequate drainage (Singh et al., 2021).

To effectively address salt stress and ecosystem degradation, future research should
clarify certain important issues, such as: (1) What is the tipping point for the reaction of
various soil microbial elements in saline and non-saline soils? (2) How do
microorganisms interact with upper trophic levels (such as nematodes) and with each
other under salt stress, and how can their interactions be used to guide the maintenance
of ecosystem diversity and intelligent agricultural production? (3) How can
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environmental conditions be altered to modulate microbial diversity and functions under
human control (Zhang et al., 2021)? Future studies are required to understand the
relationships between monovalent and bivalent cations in soil solution and CEC, as well
as how these interactions affect the clay fraction about soil slaking, dispersion, and
swelling. More research should be focused on better conceptual and physically
grounded semi-empirical models that describe how salinity and sodicity affect the
hydraulic characteristics of soil. Establishing techniques for estimating a soil's net
dispersive charge so that they can be used in modelling the reclamation of sodic soils
(Jan et al., 2021).

Biochar

Carbon-rich biochar is created by heating biomass inside a closed container without
air. Biochar is formed by the degradation of organic materials at low temperatures and
under limited oxygen supply. Several factors contribute to the high stability of carbon
structures (Zhan et al., 2019; Nguyen et al., 2022). The physical and chemical properties
of biochar can vary depending on the feedstock and the pyrolysis conditions. It is
important to consider the biochemical composition (lignin, cellulose, hemicellulose),
dust particles, and moisture content of biomass when determining the properties of
pyrolyzed biochar (Al-Rumaihi et al., 2022). As an example, wood-derived biochar has
a higher total carbon content, lower ash content, higher total N, P, K, S, calcium,
magnesium, aluminum, and sodium contents, and higher cation exchange capacity
(CEC) than manure-derived biochar.

In other words, by sequestering carbon from the soil, biochar can mitigate climate
change effectively (Lehmann et al., 2021). In addition to reducing carbon emissions,
biochar also enhances soil properties (physically, chemically, and biologically). In
addition, it improves particle size distribution and reduces the bulk density of soil
(Yadav et al., 2023). Aside from this, biochar's high CEC and water-holding capacity
allow it to improve the water status of plants as well as reduce the negative effects of
contaminated soils (Nguyen et al., 2023). Soil damage caused by salt may be remedied
by biochar as a soil amendment. Even though biochar has been used worldwide, it is
effective when applied to non-saline, non-sodic soils. There have been limited
investigations into its use for reclaiming salt-affected soils. Biochar has the potential to
mitigate salt toxicity by working as a soil amendment using organic matter-rich
materials.

Biochar production

Pyrolysis, a thermochemical process that can convert fuel into biochar, is a powerful
method for producing biochar commercially. Several products are produced from
biomass, such as syngas (mainly hydrogen ions, CHa4, and carbon monoxide), bio-oil
(alcohals, fats, tars, acids), and biochar (primarily carbon and nitrogen ions, as well as
carbon ash) (Vuppaladadiyam et al., 2022). Pyrolysis can be optimized for maximum
oil, char, or gas production by adjusting process parameters. According to temperatures
and reaction times, pyrolysis techniques can be classified as slow, fast, or gasifying.
During pyrolysis (slow heating for moments or seconds) a clean biomass (no oxygen) is
transferred into a continuously flowing gas flow (gas flow removing volatile BC
emerges at the other end). Fast pyrolysis, however, uses extremely fast heat transfer,
typically using too fine biomass particles and rapid heating rates (500-1000°C)
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(YYashikaa et al., 2020). Biochar derived from leaves has an in-between mineral content,
while biochar derived from manure contains a higher level of water-soluble salts,
whereas wood-derived biochar contains the highest level of water-soluble salts (Joseph
et al., 2021). Approximately 20% of the carbon dioxide in biochar comes from labile
carbon dioxide, which mineralizes over time after it is applied to soil, while the
remaining 25% is composed of recalcitrant carbon dioxide, which mineralizes over time
by both abiotic and biotic processes (Nguyen et al., 2022).

Effects of biochar on soil properties

Soil health and crop production have been threatened by salt contamination in recent
decades. It is difficult to develop agriculture on salt-affected soils, because they contain
sodium ions (Na*), lack nutrients, and have altered soil structure. A biochar amendment
will generally reduce both the bulk density and particle density of the soil. The addition
of biochar to soil improves soil texture and enhances soil aggregates by increasing
porosity, reducing bulk density, and reducing particle size (Blanco-Canqui, 2017). By
reducing the concentration of Na* in soil colloids, biochar reduces the concentration of
sodium ions (Ex-Na) in the soil. By exchange of cations with the calcium and
magnesium ions, biochar accelerates salt leaching during irrigation (Gao et al., 2024).
Biochar releases cations such as potassium, calcium, magnesium, and sodium, causing
pH to increase (Fig. 2). Due to its longevity in soil, biochar can keep soil pH high for
longer periods than other neutralizing materials (Hailegnaw et al., 2019). Since biochar
fertilizers are absorbed and disposed of slowly, nutrients are released slowly into the
soil, as a result of the absorption-disposal process. In biochar, porous and networked
particles prevent nutrients from easily dissolving. With its functional groups that have a
high capacity to absorb nutrients, biochar inserts nutrients into the soil's problems to
provide a nutrient source for the plants.
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Figure 2. Effect of biochar on available soil properties (Saifullah et al., 2018)

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(1):749-767.
http://www.aloki.hu e ISSN 1589 1623 (Print) ® ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2301_749767
© 2025, ALOKI Kft., Budapest, Hungary



Dhanushkodi et al.: Constraints in salt-affected soil and their management through biochar application: A review
- 757 -

As biochar has a porous structure, microorganisms can grow safely (as mycorrhizal
fungi and actinomycetes bacteria) (Yang et al., 2022). Protozoa, mites, nematodes, and
other microbes eat these microorganisms in the soil. Additionally, biochar reduces
greenhouse gas emissions in soil in addition to maintaining microbiological populations.
Earthworm dehydration can be mitigated by applying wet biochar (Li et al., 2021). A
boosting of soil enzyme activity, a measure of soil quality, has also been shown by
biochar amendments. The use of biochar (charred biomass) as a long-term carbon
removal tool is possible due to its recalcitrant nature (Lehmann et al., 2021). Because
biochar is capable of storing carbon for up to a century, it plays a major role in soil
fertility and carbon sequestration. The mineralization of SOM should have a significant
effect on global climate change (Lyu et al., 2021). A priming effect has been suggested
by research that says adding biochar to soil can accelerate organic matter decomposition
(Cui et al., 2017). Biochar addition to soil stimulated the decomposition of plant
residues without causing CO2 to increase (Minamino et al., 2019). In addition to
improving soil organic matter (SOM), it may also enhance water retention and soil
biological activity (Nepal et al., 2023).

Effect of biochar on soil nutrient dynamics

Among the nutrients found within biochar co-products are nitrogen (N), potassium
(K), phosphorus (P), magnesium (Mg), and calcium (Ca) (Fig. 3). Cow manure biochar
significantly increased N, P, K, Ca, Mg, pH, total C, Olsen-P, exchangeable K, Ca, Mg,
and CEC in sandy soil amended with biochar (Uzoma et al., 2011). Combined biochar
and nitrogen fertilizer have been shown to be beneficial for soil and plant growth (Laird
et al., 2009). Combining nitrogen fertilizer and biochar has been demonstrated to have a
significant interaction between biochar and nitrogen. By retaining minerals and fixing
them biologically, biochar boosts nitrogen utilization efficiency (Khan et al., 2024).
Chan et al. (2007) found that biochar applied with nitrogen fertilizer for radish crops did
not improve biomass yield. However, with increasing rates of biochar application and
nitrogen fertilizer, the crop's output increased. Biochar does not directly provide
nitrogen to crops as conventional fertilizers do, since it is almost entirely composed of
recalcitrant aromatic compounds rather than bio-available amines.
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Figure 3. Effect of biochar on soil nutrient dynamics (Saifullah et al., 2018)
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Reclamation of salt-affected soils with biochar

Numerous studies have investigated the effectiveness of organic amendments and
saline-sodic soil reclamation using biochar, dried sludge, farmyard manure, chicken
manure, and compost (Chaganti and Crohn, 2015). To increase crop productivity and
soil fertility under saline and sodic conditions, biochar can be added to the soil. Carbon
sequestration can be achieved through biochar because it recycles wastes, retains soil
nutrients, and reduces greenhouse gas emissions (Yadav et al., 2023). It is essential to
improve soil quality for agriculture in saline and sodic soil to maximize crop yields and
soil fertility (Fig. 4).
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Figure 4. Influence of biochar on the salt-affected soils (Gao et al., 2024)

Composted biochar has been associated with several benefits, including improved
soil health (Table 3). Additionally, biochar was found to enhance soil bulk density,
porosity, and aggregate stability (Ul Islam et al., 2021). Water infiltration is facilitated
by allowing soil layers to be permeable to water. Biochar has been proven to remove
pollutants from contaminated soils and water in a variety of applications. The
physicochemical and biological properties of agro-environments are measurable after
applying biochar (Das et al., 2023). Biochar applications in agriculture, environment,
and energy have increased as a result of food security, environmental pollution, and
energy shortage (Chen et al., 2019). To offset Na* on exchange sites in saline-sodic
soils, basic cations such as Ca?* and Mg?* can be added through biochar. In addition,
biochar adsorbs nitrate and reduces salinity stress. The addition of divalent cations can
thus reduce salt leaching from saline-sodic soil amended with biochar and improve
chemical and physical properties.

Effect of biochar on crops under salt-affected soil

A variety of affordable methods are being studied each year to reduce soil problems
(such as those caused by saline, sodic, acidic, alkaline, and pollution stresses). A low-
cost way of increasing soil fertility and productivity has been proposed using biochar
amendments, although some methods and remediation materials have not been explored
yet. Increasing crop yield and improving soil health are both possible benefits of
biochar remediation (Table 4).
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Table 3. Effect of biochar application on changes in salt-affected soil

S. No. Changes in soil properties References
1 Increase nutrient absorptlor) capgcny and increase nutrient (Nepal et al., 2023)
availability
2. Improve the soil physical, chemical, and biological properties (Zhang et al., 2021)
3. Enhance calcium and magnesium availability (Antonangelo et al., 2024)
4. Build-up divalent cation concentrations and nutrient retention (Hossain et alz.,ogg)zo; Deyetal,
5 Improve cation ex_change capacity, nutrient retention (Sakhiya et al., 2020)
capacity, and stable structure
6. Reduce SAR value and sodicity (Wang et al., 2023)
7. Increase soil organic carbon (Ullah et al., 2018)
8. Increase soil enzyme and microbial load (Amoakwah et al., 2022)
9. Increase soil ion exchange capacity of soil (Domingues et al., 2020)
10 Improve bulk density, water holding capacity, soil aeration, | (Khan et al., 2024; Wei et al.,
' hydraulic conductivity, and aggregate stability 2023)
11. Reduce the salinity stress (Kul et al., 2021)
12. Prevent salt sorption by plant (Murtaza et al., 2024)
13. Enrich nutrient status and ion sorption capacity (Ullah et al., 2018)
14 Biochar application ameliorates the negative effects of (Nepal et al., 2023;
' drought and salt stress on plants Zang et al., 2023)
15. Enhance soil fertility, growth, and development of plant (Khan et al., 2024)
16. Increase exchange cgpacny, _and organic ca}rbon, reduce bulk (Singh et al., 2022)
density, and increase porosity
17 Increase water retention and the mlcroppre/macropore ratio (Tanure et al., 2019)
and reduced bulk density

Challenges and future directions in harnessing biochar benefits in agriculture

A number of factors limit the potential of biochar in agriculture, despite its valuable
benefits. The importance of biochar in soil health and agricultural productivity plays a
major role. The research should aim to achieve the following requirements in the future.

1.

2.

To better manage problem soils with biochar, detailed studies on the long-term
potential effects of biochar application are needed.

Limited research on the reclamation effect of biochar has been conducted under
wide range of soil and climatic conditions. Therefore more researches on a wide
range of soil and climatic conditions need to be studied.

. Biochar is produced from various sources, so it is necessary to study its nature and

properties to select the most appropriate source for the suitable problem.

. A great deal of work needs to be done to calibrate different doses and calculate the

correct quantity of product to use on the field.

. The combined effect of biochar application with other soil amendments needs to

be studied to explore the compatibility for adoption.

. Several researches have been conducted that biochar lowers soil pollution

behavior and heavy metal levels in lab conditions. Therefore, extensive research
under field condition on the topic is required.
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Table 4. Influence of biochar on crop growth under salt-affected soil

S. No. Crop Performance References

1 Rice Reduce sodium ion accumulation and increase dry |(Hafez et al., 2021; Jin et al.,
’ matter production and rice yield (15.81 %) 2018)

2. Maize Increased nutrient uptake and yield (Mahmoud et al., 2024)

3. Pearl millet | Increase plant height, leaf area index, and yield | (Rezk Esawy et al., 2017)

Increase pseudo stem and leaf lengths, leaf area,
and bunch, cluster, and finger weights (8.51t/ha)
Increased cotton yields (12-44%) and wheat grain
yields (7—27%) under saline water irrigation.
Improved plant growth characteristics (plant
6. Cowpea height, dry matter production, yield, and yield (Ravi Teja et al., 2022)
attributes)
Recorded highest grain yield, grain quality, and | (Nehela et al., 2021; Wang

4, Banana (Abo-Ogiala, 2018)

5. Cotton-wheat (Singh et al., 2021)

7 Maize stover yield et al., 2023)
Increased biomass and grain yield by 51.37% and

8. Sorghum 47 33% respectively (Zhou et al., 2021)

9 Soybean Biochar increased biomass production and seed (Fatima et al., 2015)

yield on average by 67% and 54%, respectively
10. Sugarcane Improved cane yield of 128.43t/ha (Mary and Anitha, 2019)
Increased vegetative growth, tomato yield, and

11. Tomato . (She et al., 2018)
quality parameters
Lettuce and Increased lettuce and cabbage biomass yield
12. cabbage (90.3%) (Severoglu et al., 2023)
Conclusion

Global agriculture faces a serious threat of salt-induced soil degradation, which has
contributed to the diminished productivity of agroecosystems. Due to the low osmotic
potential, ion toxicity, and imbalance of salts in soil, high salt concentrations inhibit
plant growth and reduce crop yields. Salt toxicity and excess soluble salts are not the
only reasons for low productivity in saline soils, but also the lack of mineral nutrients,
especially nitrogen, phosphorus, potassium, and soil organic matter. Hence, preserving
salt-affected soils is of paramount importance to meet the needs of an ever-increasing
population. Biochar can alter nutrient dynamics, soil contaminants, and microbial
functions in soil by altering nutrient dynamics. Therefore, applying biochar strategically
to soil may provide agronomic, environmental, and economic benefits. Biochar
amendments are not only effective but also affordable ways to improve salt-affected
soils' physical, chemical, and biological properties and productivity in salinity-affected
soils. With its strong adsorption, biochar reduces the sodium concentrations in soil
colloids, or it exchanges sodium ions on its surface. Plants absorbed less sodium when
exposed to salt stress, while they absorbed more potassium when exposed to salt stress.
In addition to enhancing water retention and nutrient absorption, it also promotes
microbial activity, leading to the development of a fertile environment for agriculture
that is sustainable and resilient. Moreover, biochar serves as a carbon sink, which
mitigates the impacts of climate change by storing carbon long-term.
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