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Abstract

Salinization is a growing global problem, particularly in arid and semi-arid areas, where
salt concentration interferes with the soil structure, altering natural cycling, decreasing
agricultural outputs, and threatening food security. Although many soil amendments
have been studied, there is still a limited understanding of their interaction with soil after
mixture application and the geochemical processes and long-term sustainability that govern
their effects. To address this knowledge gap, this review elucidated the effectiveness and
sustainability of soil amendments, biochar, humic substances, and mineral additives in
restoring saline and sodic soils of arid and semi-arid region to explore the geochemical
processes that underlie their impact. A systematic search of 174 peer-reviewed studies was
conducted across multiple databases (Web of Science, Google Scholar, and Scopus) using
relevant keywords and the findings were converted into quantitative values to evaluate the
effects of biochar, gypsum, zeolite, and humic substances on key soil properties. Biochar
significantly improved cation exchange capacity, nutrient retention, microbial activity, and
water retention by enhancing soil porosity and capillarity, thereby increasing plant-available
water. Gypsum improved phosphorus availability, while zeolite facilitated the removal of
sodium and supported microbial activity. Humic substances enhanced soil porosity, water
retention, and aggregate stability. When applied together, these amendments improved
soil health by regulating salinity, enhancing nutrient cycling, while also stabilizing soil
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1. Introduction

Soil salinization, marked by the excessive accumulation of soluble salts in soil pro-
files, poses a significant global threat in arid and semi-arid areas [1]. This phenomenon
dramatically changes soil properties, disrupts plant-water interactions, and reduces agri-
cultural production which may threaten food security in salt-affected regions [2]. High
temperatures, erratic rainfall, and high evaporation rates in these regions result in salt
accumulation, particularly in soils with low water percolation, leading to land degradation
and challenges in sustainable management [3]. This problem is further exacerbated by
salinity in the irrigation water, as insufficient leaching concentrates salts in the upper soil
profile, reducing soil fertility and hindering plant growth in arid and semi-arid regions [1,4].
According to the latest global assessment by the FAO (2024), about 1.38 billion hectares of
land globally are salt-affected (~10.7% of global land area), and roughly 10% of irrigated
croplands are currently estimated to be salt-affected [5]. Furthermore, the FAO notes that
most of these salt-affected soils are found in dry and semi-arid regions [5]. This saliniza-
tion process can be broadly classified into primary and secondary mechanisms. Primary
salinization (geological/climatic) is the process by which salts build up in soil over time [6].
This happens naturally when parent material breaks down or when water evaporates in
dry areas [7]. Meanwhile secondary salinization results from human activities, particularly
irrigation, where waterlogging and poor drainage cause salts to move from deeper soil
layers to the surface, degrading soil quality and fertility [8]. To obtain a deeper insight
into salinization, it is imperative to differentiate the types of salinization, with each having
its own specific management requirements. Salinization takes place in three major forms,
with primary salinization having three further categories: Dryland salinity is caused by an
increase in salty ground water, usually in regions that contain salty clay [9]. Salts such as
sulphate (504%7) and chloride (C1™) ions are brought to the surface by water that percolates
through the soil, leading to salinization in dryland situations [6]. Irrigation-induced salinity
occurs when salts (C17) accumulate due to irrigation, especially with low-quality water,
such as brackish water or water with high dissolved salts [6]. It is further worsened by a
lack of rainfall to leech and a lack of drainage [10]. Saline water intrusion occurs when the
over-extraction of groundwater allows saline water to infiltrate previously fresh reservoirs,
particularly in coastal regions [1].

Besides salt accumulation, hydrological and nutrient degradation are key constraints
to arid soils and long-term agricultural sustainability, especially with increasing climate
variability and intensive land use [11]. Such alterations of dry and waterlogged condi-
tions, along with ineffective fertilization, accelerate nutrient loss. Waterlogging promotes
denitrification, converting nitrate to nitrogen gases (N,O, N;), which are released into the
atmosphere. It also causes leaching, which washes nutrients like potassium (K*) and mag-
nesium (Mg?*) away from the root zone, disrupting redox reactions and natural nutrient
cycles. This leads to soil degradation and reduced crop yields, especially in arid /semi-arid
regions [4]. These challenges are particularly severe in salt-affected soils, where high salt
concentrations cause osmotic pressure (creating a water deficit for plants) and ionic pres-
sure (from Na* and Cl~ accumulation in plant tissues) [2]. This limits water uptake and
nutrient assimilation, and causes physiological imbalances in vegetation [12]. Furthermore,
salinization has a significant impact on soil structure [13]. Soil clays typically have a platelet
structure, where individual clay particles are arranged in flat, plate-like forms. Divalent
cations such as Ca* and Mg?* bind these platelets together and stabilize the soil structure,
ensuring the integrity of the aggregate. But, as Na* ions accumulate in saline soils, they
cause the divalent cations to be displaced, causing the dispersal of clay particles [10]. This
process, known as ion exchange, disrupts the aggregation of the soil particles, causing
the platelets to disperse throughout the soil [14]. As a result, soil aggregation weakens,
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reducing porosity, increasing compaction, and forming a surface crust that limits water
infiltration. The loss of the soil structure impairs water movement and root penetration,
decreasing water-holding capacity and hindering nutrient access for plants [2]. Addressing
the interlinked challenges of soil salinization and nutrient imbalance needs sustainable
and evidence-driven strategies that recover soil health and maintain long-term agricul-
tural sustainability [15]. This review indicates recent developments associated with the
utilization of biochar, humic substances, and mineral-based materials in the restoration of
salt-affected soils in arid regions. Amendments like biochar, gypsum, humic substances,
and zeolites enhance soil structure, promote microbial activity, reduce salt buildup in the
root zone, and improve nutrient retention, making essential nutrients more available to
plants [15]. The selection of these amendments is based on their distinctive properties
and proven effectiveness in addressing soil salinity, particularly in arid and semi-arid
regions [16]. Although other amendments including sulfur, organic manures, microbial
inoculants, and phytoremediation also have potential advantages, this review focuses on
the discussed amendments due to their widespread application and the availability of
extensive research on their impact on soil salinity [17]. Biochar is a carbon-rich material
that is formed from the pyrolysis of organic material. It has been shown to increase soil
CEC, improve soil structure, and increase water-holding capacity. These properties are
important in salinity mitigation, especially in arid regions [18]. It also helps microbial activ-
ity and nutrient cycling, and enhances the ability of plants to resist salinity stress through
the enhancement of soil conditions and physiological balance [19]. Moreover, biochar
helps maintain soil pH and mitigates the adverse effects of salinity on soil’s biological and
chemical properties [20]. In conjunction with the use of biochar, humic substances espe-
cially fulvic acids and humic acids have been found to be effective in localized downside
effects of soil salinity through enhanced nutrient retention, soil aggregate stabilization, and
enhanced soil permeability [21]. They positively affect microbial diversity and enzyme
activity, contributing to restoring nutrient balance and reconstructing the functioning of
the soil in saline dry environments [22]. Mineral-based interventions have also been crucial
in saline soil rehabilitation in view of the beneficial effects of organic amendment products
like biochar and humic substances [23]. The commonly used mineral amendments for
reclaiming saline-sodic soils include gypsum (CaSO4-2H,0), which provides Ca?* ions to
replace Na* at exchange sites through cation exchange. Displaced Na* must be leached, and
flocculation occurs due to increased electrolyte concentration and Ca?* bridging between
clay particles [24]. This results in the improvement of the soil structure, the enhancement
of permeability, the improved draining of salts from the root zone, and the reduction in
salinity-induced stress [7]. Besides gypsum, crystalline aluminosilicate minerals such as ze-
olites with a high CEC have been suggested as potential additions to salt-affected soils [25].
Their porous nature enhances water and nutrient adsorption hence reduces leaching losses
and improves nutrient availability under saline environments [26]. They also participate in
ion modulation by adsorbing the excess Na* and CI~ ions, enhancing soil structure and
alleviating ionic toxicity, hence promoting plant growth and soil health in arid systems [27].

Although the short-term benefits of soil amendments are well documented, their long-
term effectiveness, environmental sustainability, and synergistic interactions across diverse
agroecological contexts remain poorly understood [28]. Existing reviews tend to focus on
immediate improvements in soil physical and chemical properties, often neglecting the
temporal persistence, functional interdependencies, and broader ecological implications
of these interventions [15]. To illustrate this, some studies have pointed out that there are
no long-term field trials of the long-term effects of using amendments such as biochar and
gypsum to soil health across several growing seasons [14]. Furthermore, research in arid
regions has have received less attention, as well as the geochemical processes that drive soil
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salinization, nutrient dynamics, and microbial activity under conditions of water scarcity
and high evaporation rates [24].

The objective of this review is to bridge knowledge gaps by synthesizing findings on
biochar, mineral amendments, and humic substances, focusing on their role in modulating
geochemical processes such as mineral dissolution/precipitation, redox reactions, complex-
ation, and sorption/desorption. These processes are critical in influencing soil properties
under salinity stress, enhancing long-term soil functionality, and restoring water-nutrient
balance in salt-affected soils.

This review evaluates the existing literature on how organic and inorganic amend-
ments induce long-term geochemical changes, which are critical for enhancing soil prop-
erties under salinity stress and supporting the sustainability of saline soil remediation in
arid, nutrient-deficient conditions [9]. In this review, the term “long-term” refers to impacts
noticed over three to five years or longer, with an emphasis on the long-term effects of
amendments on key geochemical parameters such as soil salinity, nutrient availability,
soil structure, and some enzyme activity [29]. Building on past research efforts that have
mainly concentrated on short-term effects, this paper critically examines the long-term
effects of these amendments, both individually and synergistically, on soil resilience and
geochemical stability in response to environmental stressors. These strategies aim to en-
hance soil functionality and promote climate-resilient agriculture, ultimately contributing
to sustainable land management and global food security.

2. Data Sources and Research Methods

A keyword-based mapping approach was used to capture a representative and multi-
disciplinary body of literature. Multiple databases (Web of Science, Google Scholar, Scopus)
were searched for literature studies published between 2000 and 2025. Studies were selected
on the base inclusion criteria, including peer-reviewed publications that addressed the
use of biochar, gypsum, humic substances, and zeolites in salt-affected soils. A total of
174 studies were reviewed, with selection criteria including the representation of long-term
effects and the applicability of findings to salt-affected soils in arid regions.

Furthermore, the publication distribution for research articles on “salinization” and
“arid” was analyzed using Web of Science. Figure S1 presents the number of articles pub-
lished each year, along with their percentage of the total 1360 records. The data reveals
temporal trends, with a peak in publications from 2021 to 2025 and consistent output
since 1999. Despite recent progress, there remains a clear lack of systematic evaluations of
amendment performance and interaction mechanisms over time and across environmental
gradients. Given the accelerating impact of salinity—especially in arid and semi-arid
regions—advancing a mechanistic, context-specific understanding of amendment-induced
transformations is essential for developing resilient and climate-adaptive soil management
strategies. As illustrated in Figure 1, the increasing scientific interest in soil amendment
research highlights the urgent need for sustainable solutions to address salinization and
correct hydrological imbalances and nutrient deficiencies that affect soil fertility and agri-
cultural productivity. The research trend suggests that addressing these challenges requires
not only innovative solutions but also a deeper understanding of the long-term impacts of
amendments in various environmental contexts.
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Figure 1. Annual publication trends (1990-2025) on soil amendments and salinity management
(source: Web of Science, https://www.webofscience.com). Keywords: soil salinity; long-term
sustainability; arid land; soil amendments; geochemical dynamics.

3. Dynamics and Biogeochemical Effects on Soil Salinization
3.1. Soil Salinization and Physicochemical Degradation

Salinization results in the formation of saline, sodic, and saline-sodic soils, each
exhibiting unique physicochemical properties and characterized by high concentrations
of soluble salts and increased Na* ions activity. These soils typically have pH values
influenced by the carbonate (CO3%7), carbon dioxide (CO,), and bicarbonates (HCO3 ™)
equilibrium system, and hydroxide (OH™) ions from the hydrolysis of sodium carbonate
(NapCO3) [8]. Excess Na™ ions further displace essential cations like Ca** and Mg2+, causing
nutrient deficiencies and limiting plant absorption of K [30]. In alkaline-saline soils, higher
pH levels promote the precipitation of P with Ca%, forming insoluble Caz(POy), [31]. This
process reduces P mobility, making it less available to plants [31]. This salt stress causes
an osmotic imbalance by reducing soil water potential, making it harder for plants (i.e.,
requiring more energy) to extract water from the soil, which leads to the accumulation of
toxic ions, causes nutrient competition, and inhibits plant growth and nutrient absorption;
this results in a major risk to crop productivity [9]. These processes (osmotic imbalance,
accumulation of toxic ions, and nutrient imbalance), however, are reversible with the
application of appropriate soil amendments which can restore nutrient balance, mitigate
osmotic imbalance, and reduce the accumulation of toxic ions [8]. Geochemical processes
that include mineral dissolution (increasing the concentration of ions), redox reactions
(affecting metal ion mobility), complexation (where metal ions bind to organic or inorganic
substances, affecting their mobility), and sorption/desorption (regulating ion retention
or release back into the solution) significantly impact soil chemistry [3]. Geochemical
processes such as solute movement and evaporation are the main contributors, while
mineral weathering and ion exchange (to a lesser extent) are the major determinants of
salt build-up and its redistribution in the soil profile [9]. Salinization alters soil chemistry,
reduces nutrient availability, and impacts microbial activity and composition in an adverse
manner [2]. In saline soils, an imbalance in essential nutrients such as K, Ca2*, and Mg2+
commonly occurs due to the competitive inhibition by excess Na* and cation exchange
on soil colloids, which leads to clay dispersion and aggregate breakdown, impairing
water absorption and hindering root development [24]. This leads to malnutrition and
low agricultural production [32]. Biologically, high salt levels expose soil microbes to
osmotic pressure and high Na* ion concentrations which decrease microbial biomass
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and compromise microbial functional diversity [33]. This affects vital soil processes like
nitrogen fixation and the decomposition of organic matter, leading to the accumulation
of organic carbon and reduced ability of microbes towards resilience to salinity [34]. This
self-perpetuating process of soil damage makes it vulnerable to erosion due to both the loss
of organic matter (especially roots) and the degradation of soil structure which exposes the
underlying saline layers of subsoil [34]. This imbalance in nutrient level impairs the growth
of plants resulting in the loss of organic input to the soil that plays an important part in
soil structure and the proliferation of microbes [10]. This process results in a succession
of adverse effects on nutrient cycling, soil texture eventually resulting in soils with low
soil available water content (low soil water potential), limited nutrients, and decreased
biological activity, aspects reflective of extremely low soil functionality [35].

These salt-affected soils are categorized using diagnostic indices such as electrical
conductivity (EC), sodium adsorption ratio (SAR), exchangeable sodium percentage (ESP),
and pH, which collectively indicate the level of physicochemical degradation [36]. EC and
pH are usually determined in a soil-water slurry at a 1:2 soil-to-water ratio, where EC is
calculated by measuring the EC of the slurry and pH is measured using a pH meter. The
formulas for SAR and ESP are as follows (Equations (1) and (2) [36]):

sAR= N (1)

Ca2t +Mg2+
2

where the concentrations of Na*, CaZ*, and Mg2+ are expressed in mol/L.

(Na™)

ESP = CEC

x 100 )

where exchangeable sodium is expressed as a %.

As summarized in Table 1, saline soils exhibit high EC (>4 dSm~') and low SAR (<13),
conditions that allow infiltration but impose osmotic constraints. In contrast, sodic and
saline-sodic soils, with high SAR (>13) and ESP (>15), promote clay dispersion, reduce
permeability, and severely disrupt water and nutrient fluxes [1].

Table 1. Classification of salt affected soils based on soil physicochemical properties [36].

Soil

Water Infiltration CEC

-1 o,

Classification EC, (dSm~1) SAR (mol/L) ESP (%) pH (mm/h) (cmol(c)/kg) RSC (megq/L)

Non-Saline, . . <1.25 (non-sodic, safe

Non-Alkaline <4 <13 <15 <85 High High (15-30) for irrigation)

Saline Soil >4 <13 <15 <8.5 Low to Moderate Moderate— <1.25 (non-sodic)

Low (5-15)

Sodic Soil <4 >13 >15 >85  Very Low Very Low (>5) 122 (sodic,
problematic)

Saline-Sodic >4 >13 >15 >8.5 Extremely Low Very Low (>5) >1.25 (sodic and

Soil

saline, problematic)

EC: electrical conductivity. SAR: sodium adsorption ratio. ESP: exchangeable sodium percentage. CEC: cation
exchange capacity.

In sodium-dominated systems, salinity and sodicity often co-occur but affect the soil-
plant interface through distinct mechanisms: salinity induces osmotic stress that restricts
water uptake, while sodicity disrupts soil structure, impairing hydraulic conductivity
and nutrient availability [33,37]. These interactions deteriorate the soil fertility as well as
crop productivity.

Furthermore, these conditions in arid and semi-arid regions are made worse by climatic
changes and anthropogenic pressures [38,39]. Climate change can affect salinization by
altering the pattern of precipitation, increasing the frequency of droughts, and accelerating
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evaporation rates, which accumulate salts in the soil [1]. Changes in vegetation cover,
e.g., through a decrease in plant cover, the alteration of the species pool, etc., may also
influence salinization through changing water use and soil organic matter processes [40].
Low-quality irrigation water, the excessive use of fertilizers, groundwater extraction, and
seawater encroachment may interact (e.g., sandy deserts may have low and erratic rainfall
but they do not have salination) to destabilize water and nutrient cycling and to ensure
a downward spiral in condition [16]. Figure 2 shows a conceptual representation of
these interacting drivers, focusing on how they add value to increasing salt accumulation,
nutrient losses, and the decline in soil functions.

Road Salt Use Sodium lons
Road salt is one pathway, with other Sodium ions are part of soil salinity,
sources. Salt used for de-icing roads which disperse soil aggregates, by
contributes to soil salinity. Long-term o increasing salinity. High sodium levels
accumulation alters soil structure and N [ —~ also impair nutrient uptake by plants.

reduces permeability.

Water Absence

Water absence may make
salinization worse or improve
conditions. Lack of water leads
to salt concentration in soil.
Prolonged drought conditions
accelerate salinization processes.

Climate Change

Changing climate patterns
exacerbate soil salinity by
increasing evaporation rates, which
intensifies salt buildup. Increased
rainfall help leach salts from the
soil, potentially improving
conditions.

Poor Aeration
All salts originate from geological Poor aeration indirectly affects soil salinity
activities (including road salt, human po. by limiting oxygen availability, which
activities (like irrigation with saline hinders microbial activity and reduces the
water). soil's ability to leach excess salts.

Salt Origins

Figure 2. Drivers of soil salinity.

3.2. Role of Geochemical Cycle in Soil Health Sustainability

Geochemical cycles play a pivotal role in soil health regarding the regulation of elemen-
tal fluxes, mineral stability, nutrients, and their bioavailability in terrestrial ecosystems [41].
In arid and semi-arid areas, geochemical mechanisms of soil salinization are largely gov-
erned by gypsum dissolution (CaSOy) and the precipitation of carbonate minerals (CaCO3)
such as calcite and aragonite, which affect the chemical properties of the soil [9]. In par-
ticular, the dissolution of gypsum increases the concentration of Ca?* and SO4%~ in the
soil solution and alters the physical properties of the soil (plasticity, cohesion, etc.) [14].
Conversely, the precipitation of calcite during evaporation lowers the soil alkalinity and
alters the availability of certain nutrients [42]. Apart from natural processes, anthropogenic
factors such as use of saline irrigation water and over-fertilization also intensify the saliniza-
tion process [40]. The dissolution of halite (NaCl), which is the most abundant soluble salt,
is also important as it can lead to an increase in mineralization in soils [9]. The combined
effect of these geochemical reactions lead to soil degradation, a reduction in the amount
of water that plants can take up, and can also lead to the fixation of trace elements in
unavailable forms for plant uptake [43]. Furthermore, redox reactions are a key process
in the chemistry of saline soils in arid environments, influencing nutrient cycling and soil
structure [44]. Variations in moisture and aeration affect the redox state of elements like Fe,
S, and Mn. Oxic conditions cause Fe>* precipitation as oxides while reducing conditions
cause Fe?* dissolution and thus increases the mobility of nutrients and metals [44]. In saline
soils, complexation reactions are essential in regulating the availability of nutrients and
the mobility of metals. Metal ions, such as Ca?* and Mg2+, interact with anions like sulfate
SO42~ and CO3%~, forming stable complexes that influence both soil pH and nutrient
cycling [45]. Furthermore, in solutions of high ionic strength, activity coefficients reduce
the ion concentration (effective ion concentrations), resulting in a reduced effectiveness
of cation exchange, mineral precipitation/dissolution, and nutrient uptake [39]. As ionic
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strength increases, the activity of the ions Na* and Ca?* is reduced, affecting soil fertility
and microorganisms’ functions [30]. In addition, soil composition and functionality are
variably altered by the interactions of geochemical processes like atmospheric processes
(such as oxidation and soil erosion), which can significantly affect the properties of soils
by altering mineral composition and the nutrient availability of soils, as well as biological
processes on different time scales [46]. Furthermore, the geochemical alteration of silicate
and carbonate minerals, although a slow process, also provides vital macronutrients, Ca,
Mg, and K, which are vital to maintaining plant growth and microbial populations [47].
However, such mineralogical changes are transient, influenced by climatic factors, water
level, and anthropogenic manipulations producing spatial variability in soil fertility and
structure [9]. The geochemical processes underlying soil salinity cause a disturbance in the
osmotic balance and destabilize the cellular structures of plants [22]. In saline environments,
high ionic strength in saline conditions results in osmotic stress that restricts water uptake
as well as triggering biochemical responses that impose adverse effects on plants [48]. The
accumulation of CI~ and Na* beyond normal levels may create ionic imbalances resulting
in impaired enzymatic activity and chlorophyll formation, resulting in poor photosynthetic
performance and decreased farm production [49]. Moreover, saline-induced oxidative
stress facilitates the rapid peroxidation of lipids and the destruction of cell integrity which
further intensifies plant degradation during long-term exposure to high salt levels [45].
Although the same oxidative stress may take place during waterlogged periods since there
is a lack of oxygen, salinity enhances this phenomenon by inducing more cellular stress [50].
These geochemical changes in soils and microbial-mediated nutrient turnover affect the
functionality of soil ecosystems. The maintenance of soil fertility relies on assuring primary
biogeochemical processes, which are catalyzed through soil microbial groupings synergism,
such as nitrogen fixation, sulfur oxidation (under certain conditions, mostly the presence of
H5S), and carbon mineralization [51]. In extremely saline and pH-distorted environments,
however, microbial enzymes are inactivated and community structure is altered, decreasing
the rates of organic matter decomposition and slowing nutrient cycling [52]. The loss of
microbial diversity under saline stress conditions also weakens symbiotic relationships
between plant roots and mycorrhizal fungi, further limiting nutrient acquisition and water
uptake [30]. Understanding geochemical pathways is essential for the development of
appropriate soil and water management strategies to counteract the negative impacts of
salinity in arid environments.

The mitigation of these negative effects caused by geochemical imbalances in soils
requires a holistic and multi-pronged strategy that focuses on overall soil restoration with a
combination of specific amendments to achieve long-term future agricultural sustainability.
Gypsum has been well known for its ability to improve saline-sodic soils by increasing
CEC, displacing exchangeable Na* from soil colloid surfaces through cation exchange,
and increasing the stability of soil structure, which helps mitigate the adverse effects of
sodium saturation [53]. Although Ca?* ions enhance soil structure by increasing the floc-
culation and aggregation of soil particles, it does not significantly affect soil pH [54]. The
movement of Na* ions by Ca* ions may also increase the leaching potential of Na* ions,
which will further improve soil conditions [53]. In addition to inorganic additives, organic
supplements like biochar and compost are essential for maintaining soil pH (with additives
like superphosphate), enhancing water-holding capacity (critical for plant access), and
supporting microbial processes. These contributions ultimately strengthen soil fertility
and resilience [55]. Approximately 25% of global irrigated land is being salinized, which
significantly harms food security and ecosystem stability [37]. Therefore, effective mitiga-
tion strategies must be developed and implemented. However, the sustainability of soil
health in the long term requires a holistic solution, which includes geochemical percep-
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tions to maximize nutrient circulation, reduce prospects of salinization, and maximize the
sustainability of agroecosystems undergoing environmental stresses [56].

4. Overview of Amendment Strategies

Soil amendments are a vital tool for enhancing soil health, particularly in salt-affected
soils [57]. The objectives of soil amendments are to improve soil functionality by improving
its chemical and physical properties [58]. The choice of appropriate amendment relies on
its efficiency in solving major soil problems, nutrient enhancement, moisture conservation,
soil stabilization, and the mitigation of salinity-related stress [59].

In addition to the direct benefits of soil amendments, managing leaching fractions
in irrigation is a crucial strategy for controlling soil salinity [60]. Leaching fractions refer
to the proportion of applied water that percolates beyond the root zone, carrying excess
salts away from the soil [61]. In salt-affected soils, particularly in arid regions, optimizing
leaching fractions helps prevent the accumulation of salts, thereby enhancing the effective-
ness of soil amendments like biochar or gypsum in mitigating salinity [6]. By effectively
managing leaching fractions, water retention, nutrient availability, and microbial activity
are improved, which in turn boosts the performance of soil amendments. This compre-
hensive approach ultimately contributes to enhanced soil health, fertility, and agricultural
productivity [13].

4.1. Classification of Amendments

Figure 3 illustrates that soil amendments fall in two main categories: organic and
inorganic. Each category plays a different role in terms of reducing salinity and increasing
nutrient availability [58].

Amendment Chart

Benefits/Limitations
[ [
| /7 Bio-based Materials N\ | a2 Benefits Y
| » Compost ‘ v" Improve soil organic matter
» Manure (cattle, sheep) | 1_ L v Enhance microbial activity
» Peat | ¥ Increase water-holding capacity
> Humic acid v Supply slow-release nutrients
P \_ > Crop residues Y \_
g (" carbon-Rich Amendments ) (O J Li’:i'“i??s N
= > Biochar ower to show effects
'g _’I Organic Amendments l_" » EuT:icaacid _____ @ Risk of pests or weed seeds in
() residues/manure
5 @ Nutrient composition is variable
- L J \Q Bulky, requires larger quantities /
"Vo: - Mineral Amendments i Benefits N\
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Figure 3. Different types of soil amendments with distinguished benefits and limitations upon
application.

The sources of organic amendments are plant-based or animal-based, such as biochar,
compost, and humic substances. These inputs (biochar, compost, and humic substances)
have been highly appreciated in terms of strengthening soil structure, enhancing water
retention, and stimulating microbial diversity [62]. Biochar, a carbonaceous and stable
product, has been shown to have a high potential for improving soil porosity, moisture
retention abilities, and nutrient storage capabilities, particularly through its impact on
CEC, in saline soils [63]. Biochar, a carbonaceous and stable product, has been shown to
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have a high potential for improving soil porosity, moisture retention abilities, and nutrient
storage capabilities, particularly through its impact on CEC, in saline soils [55]. The surface
functional groups of biochar, such as carboxyl (-COOH), hydroxyl (-OH), and phenolic
groups, alter its CEC, ash content, and liming equilibrium, thereby influencing soil pH and
nutrient dynamics [18]. Low-temperature biochar provides a larger CEC and surface area,
while high-temperature biochar has a greater stability but lower CEC [64]. These properties,
along with the intricate pore structure of biochar, increase porosity, and that enables
better aeration and promotes root development, leading to crop productivity and better
tolerance to salinity [65]. In addition, biochar’s priming effects on native soil organic matter
decomposition can either accelerate or slow down organic matter breakdown, depending on
its chemical properties and interactions with soil microbes, contributing to salt tolerance [63].
Another important organic input to soil is humic substances, particularly humic acids
(complex organic bounds that are formed by breaking down plant and animal materials),
which improve aggregation, water-holding capacity, and nutrient cycling [21]. These
compounds are particularly useful in soils where nutrients are limited as they improve
the availability of critical elements to the plants by increasing solubility [66]. Moreover,
humic acids are known to enhance soil permeability and minimize the negative effects of
high cation concentrations in salty soils and favor a more sustainable and functional soil
ecosystem [66].

Meanwhile, inorganic amendments include both naturally occurring products, such
as gypsum, zeolites, and bentonite, and processed mineral products, such as lime (de-
rived from limestone) [57]. Although mineral amendments are physically and chemically
different from synthetic or refined inorganic compounds, they are usually categorized
with the broader classification, inorganic amendments, because they are non-organic in
origin [67]. The widespread application of inorganic amendments include gypsum, lime,
and some acids (such as superphosphate), with the aim of altering soil chemical prop-
erties in saline and sodic soil [54]. Inorganic amendments are classified on the basis of
their chemical composition, functional groups, and physiochemical properties. Mineral
amendments, such as gypsum (CaSQOy), lime (CaCOs3), and superphosphate, are derived
from natural sources, while synthetic additions, such as ammonium nitrate, potassium
chloride, and ammonium phosphate, are chemically synthesized [68]. These amendments
have distinct functions: lime is used to reduce acidity by raising pH, whereas gypsum
helps reduce Na level in sodic soils [69]. Based on their physiochemical properties, soluble
amendments such as superphosphate and ammonium nitrate dissolve quickly in water,
providing immediate nutrient availability, while slower-release amendments, such as lime
and gypsum, gradually improve soil structure over time [70]. Gypsum has extensively been
used in the remediation of sodic soils. Gypsum (CaSOy-2H,0) dissolution releases Ca?*
ions, which displace exchangeable Na* ions from soil colloid surfaces through a cation
exchange process. The displaced Na* ions then form soluble NaySOj, which can be leached
from the soil [54]. This cation exchange decreases sodicity, balances soil structure, enhances
water permeability, and facilitates the absorption of nutrients [71]. It reduces the adverse
consequences of sodium buildup in the soil by decreasing SAR, hence improving water
permeability, which facilitates improved water infiltration and the growth of roots [72].
Furthermore, mineral amendments, such as zeolites, are important for increasing soil CEC
and retaining nutrients [73]. These aluminosilicate crystals are useful for reducing the
loss in nutrients and improving the availability of these nutrients to plants in saline soils
by adsorbing important cations such as ammonium (NHs*) and K* ions [74]. Zeolites
are aluminosilicate minerals with a permanent negative charge, which primarily function
through cation exchange rather than adsorption [75]. Their high ion exchange capacity
makes them effective in the desalinization of soils and in improving water-holding capac-
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ity [76]. Zeolites primarily exchange cations, such as Na™, for other cations like Ca?* and
Mg?*. However, due to the negative charge of their framework, they retain minimal anions,
including CI™ [77]. As aresult, CI™ adsorption by zeolites is negligible under typical soil
conditions [76]. Similarly, bentonite, a clay mineral that has the well-known property of
swelling, is often added to enhance soil aggregation and increase water retention especially
in sandy or compact soils that have a poor water penetration ability [78]. Its unique ability
to hold moisture renders it particularly useful for retaining moisture in dry or salty states
of soil, thereby promoting the growth and life of plants [79]. Also, basalt, applied in the
form of rock dust, is a source of trace elements and micronutrients and with continued use
over time, it can improve long-term soil fertility, especially in saline-affected areas [80]. The
gradual breakdown of such minerals enriches land to ensure a long-term crop output [81].

4.2. Criteria for Amendment Selection

The proper selection of a soil amendment strategy is based on various factors, such
as soil type, sandy, clayey, or loamy soils, which will respond differently to different
treatments, and these factors determine its effectiveness in addressing salinity and nutrient
deficiencies [40]. Biochar is useful in sandy soils where the water- and nutrient-holding
capacity is generally low [82]. Salinity concentration is a crucial consideration in the
determination of the right amendment [64]. In soils of mild to moderate salinity, it is
possible to ameliorate osmotic stress and enhance soil structure through the implementation
of biochar, depending on the specific situation. If biochar increases water retention, it could
help dilute the salts, improving soil conditions [83]. Gypsum can be utilized to rectify sodic
soils by displacing exchangeable Na* with Ca?* ions from soil colloid surfaces through
cation exchange, which increase soil aggregation and boost its moisture conditions [14].
It also reduces the ESP, as excess levels adversely influence the growth of plants through
reduced soil permeability and hindering nutrient uptake [84]. Humic substances can also
enhance nutrient availability in nutrient-deficient soils due to their ability to chelate metals
and enhance the solubility of elements like K, P, and some micronutrients [66]. Furthermore,
biochar improves nutrient retention in nutrient-deficient soils by boosting the soil CEC
and fostering an environment conducive to microbial activity [21]. The use of biochar and
compost is often chosen for environmental reasons, such as maintaining long-term organic
matter levels in soils, and economic reasons, such as enhancing crop yields and reducing
the need for chemical fertilizers [64]. Enhanced soil health and microbial growth can make
their application cost effective on a large scale [64]. Conversely, mineral amendments such
as gypsum could provide faster outcomes; but, while they reduce ESP, they do not offer
some of the long-term benefits associated with biochar and other organic amendments [71].

5. Amendment Modulation of Soil Salinity
5.1. Sole Effect of Amendments on Salinity

Organic and mineral amendments such as biochar, gypsum, zeolites, and humic
substances have been proven to enhance the physical and chemical properties of saline soils
and sodic soils [85]. These amendments help to enhance the aggregate stability, porosity,
and water retention of soil, thus reducing the negative effects of salinity and sodicity on
soil structure [86]. As illustrated in Figure 4, the effectiveness of these amendments varies
in terms of their influence on bulk density, soil compaction reduction, water retention,
porosity, aggregate stability, and hydraulic conductivity. Biochar helps to alleviate soil
compaction by improving aggregate stability and lowering bulk density, which leads to a
better soil structure and supports plant development [87].
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Figure 4. Comparative effect of biochar, gypsum, zeolites, and humic substances on soil physical
properties in salt-affected and water—nutrient-imbalanced soil.

Furthermore, its ability to improve the soil’s water retention helps reduce moisture
loss through evaporation and ensures the more even distribution of water within the soil,
particularly in dry and semi-arid climates [88]. The incorporation of biochar also improves
soil hydraulic conductivity, which decreases surface runoff and enhances the infiltration
of irrigation water, which is crucial for sustainable soil productivity in water-scarce en-
vironments [89]. In addition to enhancing physical properties, biochar influences cation
exchange by providing exchange sites (carboxyl, phenolic groups) with a negative charge.
External divalent cations (Ca?* and Mg?*) from sources like irrigation water, gypsum co-
application, or biochar ash compete with Na™ for these sites [89]. The selectivity coefficients
favor divalent cations (Ca®*, Mg?*) over monovalent Na*. Therefore, biochar is a passive
substrate and not an active facilitator. The driving force is the thermodynamic preference
for divalent cations at exchange sites, which contributes to the stabilization of aggregates
and prevents the structural break down from high sodium levels [90]. Nonetheless, the
efficiency of biochar in restoring saline-sodic soils is greatly influenced by its origin and
manufacturing process [87]. High-ash biochar can raise the soil’s pH, as the ash content is
often alkaline [91]. This change in pH can alter the CEC of the soil, potentially increasing the
ESP, which can lead to clay dispersion and the degradation of soil structure [91]. The use of
biochar also promotes favorable microbial colonies, especially in the phosphate-solubilizing
state (Thiobacillus, Pseudomonas, and Flavobacterium), which play a significant role in enhanc-
ing P accessibility in saline regions [89]. The pH-neutralizing characteristic of biochar may
restrict the bioavailability of P during fertilization in strongly alkaline saline-sodic soils,
highlighting the need to tailor biochar formulations to minimize waste and maximize P
retention and plant uptake [67]. In addition to the regulation of phosphorus dynamics,
biochar has been found to affect K* availability significantly [92]. High concentrations of
sodium in saline soils may exhaust K* absorption and cause nutrient disorders that inhibit
the growth of plants [93]. Its application increases exchangeable K*, reducing sodium stress
and providing adequate potassium, which is required in plant metabolism and osmotic
equilibrium [94]. Research shows that the addition of biochar can raise the soil K* level up
to 44%, which controls Na* levels and lowers the chance of future salinization [95]. The
practical application of biochar in soil management relies on selecting the amendments
that contain the appropriate Ca?* to Na* ratios and pH value to ensure soil integrity and
prevent structural degradation [95]. These results highlight the importance of using soil
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amendments, like biochar, in a manner that is customized to particular soil conditions in
order to attain maximum benefits to the soil texture.

Meanwhile, mineral amendments such as gypsum and zeolites are also critical in
improving the structure of soil by enhancing aggregate stability, thereby improving per-
meability [85]. When used to remediate sodic and saline-sodic soils, gypsum promotes
ion exchange, thereby increasing soil aggregation, hydraulic conductivity, and water in-
filtration [69]. Meanwhile, the solid phase in soil amendments, such as the dissolution
of gypsum, provides Ca®* and SO,>~ ions, lowering the ESP, which improves soil per-
meability, aggregation, and ultimately the soil health [63,85]. This reaction contributes
significantly to P unavailability in alkaline—saline soils due to the insolubility of calcium-
phosphate compounds formed as a result of the reaction [54]. The application enhances the
solubility of P which is absorbed easily by plants and also enhances the availability of N by
reducing the loss of ammonia and the amplification of nitrate retention, which plays an
important role in improving saline regions [93]. The resulting amendments, as illustrated
in Figure 5, affect the significant chemical characteristics of P availability, Na reduction,
microbial activity, soil pH regulation, nutrient retention, and CEC that are all essential in
the restoration of soil chemistry under saline conditions.

Cation exchange
capacity

Microbial o
stimulation Nutrient

retention

Sodium reductior Soil pH

regulation
Phosphorus
availability
= Biochar Gypsum Zeolite == Humic substances

Figure 5. Comparative analysis of biochar, gypsum, zeolites, and humic substances’ soil chemical
properties in salt-affected and water-nutrient-imbalanced soil.

Furthermore, humic substances increase soil structure significantly by enhancing the
formation of stable aggregates, reducing moisture loss, and enhancing permeability [96].
Humic acids, a key component of humic substances, are highly reactive and essential for
aggregating soil particles, particularly in the presence of Mg?* and Ca®* ions, leading to
stable macroaggregates that remain intact in saline and sodic soils [97]. These substances
enhance drainage and soil aeration, especially in the sodic, clay-rich soils [57]. In addition
to enhancing soil porosity, they also facilitate the control of the soil pH, which helps in
the maintenance of soil quality in arid zones [98]. They also enhance the aggregation and
stability of the soil indirectly by promoting exopolysaccharides, natural molecules that aid
soil particle adhesion and salinity tolerance, by encouraging microbial activity [98].
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5.2. Combined Effect of Amendments on Salinity

When implemented separately or in combination, these amendments are fundamental
in restoring the chemical balance in soil and in perpetuating sustainable practices in land
management [34]. Previous studies indicate that by the combined application of these
amendments with organic products like compost and bio-fertile soil amendments, soil
buffering capacity, microbial activity, and carbon sequestration can be enhanced, resulting
in a sustainable soil ecosystem [99]. Recent studies demonstrate that the application of
biochar together with humic acids provides significant benefits to salt-affected soils through
decreased oxidative stress, better ionic balances, and a promotion of the plant’s antioxidant
system activation [23]. Biochar porosity increases soil moisture stability and nutrient
retention, while humic acids have chelating abilities regulating the release and availability
of nutrients in line with plant requirements [95]. This two-pronged effect leads to the
improved regulation of stomata, improving transpiration and water use efficiency in plants
subjected to saline conditions [23]. Similarly, Ref. [100] found that biochar applied in
combination with fulvic acid in the Hetao Irrigation Region of Inner Mongolia produced a
higher soil quality and crop yield than biochar alone.

Integrating biochar, humic substances, and mineral ameliorants is crucial for reducing
salinization and improving nutrient cycling, with efficacy determined by dosage, applica-
tion time, and method [79]. As humic substances can alter the chemical profile of saline and
stressed soils to a large extent by improving nutrient availability, balancing soil pH, and
controlling the interaction between ions [86]. When H" ions dissociate from the carboxyl
and phenolic functional groups in humic substances, they create negatively charged areas
that enhance the soil’s retention of important macronutrients and micronutrients [101].
Increased CEC improves nutrient bioavailability under saline conditions, where high Na
levels typically cause deficiencies [102]. Research demonstrates that humic acids limit Na*
uptake by plant roots while promoting the absorption of essential cations like Ca?* and
Mg?*, which helps alleviate osmotic stress and restore ionic equilibrium [103]. This process
protects plant cellular structures by increasing osmolyte synthesis (proline and glycine be-
taine) and developing antioxidant defenses (ascorbic acid, glutathione, and phytochelatins),
enhancing the plant’s ability to respond to oxidative stress caused by salinity [104]. Humic
substances are capable of enhancing organic matter breakdown and nutrient cycling by
influencing the rate of enzyme action and microbial respiration, therefore increasing soil
biological activity and productivity [98]. They are crucial in nitrogen mineralization and P
solubilization, which is important in the soil health in saline conditions. Although biochar,
mineral amendments, and humic substances each enhance soil chemistry to a degree, inte-
grating their applications can further advance soil remediation by facilitating more effective
ion exchange, which fosters vegetation growth and soil fertility [105]. These amendments
interact with each other to reduce soil salt concentration, either through the leaching of salts
or by increasing soil water content. This improves the physical (soil structure and porosity),
chemical (enhanced nutrient availability and reduced salinity), and biological (improved
microbial activity and root development) aspects of soil [106]. Humic substances, espe-
cially humic acids, aid the plant in enduring salinity through sustaining osmotic balance,
lessening the harmfulness of Na* toxicity, and enhancing the effect of nutrient uptake [16].
A primary mechanism involves restricting Na* translocation from root to shoot (occurs in
certain species of mangrove), thereby preventing ionic toxicity in aerial tissues while en-
couraging root retention of excess salts [107]. Biochar, when co-applied, complements these
effects by improving soil porosity, increasing water-holding capacity that would cause the
dilution of the saline solution, and promoting deeper root development [108]. The concept
is worth noting, especially when there is a shallow sandy horizon over a saline clay [105].
The effective development of roots may not work so well in saline subsoil cases [109].

https:/ /doi.org/10.3390/agronomy16020222


https://doi.org/10.3390/agronomy16020222

Agronomy 2026, 16, 222

15 of 32

These attributes can mitigate the water imbalance that is usually attributed to saline soils
whereby the high levels of salt within the soils limit the uptake of water because of osmotic
stress [18]. The combination of biochar and humic substances also enhances the retention of
essential macronutrients such as Ca?*, Mg2+, and K* while reducing sodium saturation at
cation exchange sites [110]. Their functional groups, especially the carboxyl (-COOH) and
hydroxyl (-OH) groups, promote chelation and enhanced nutrient bioavailability, which is
vital under salinity conditions where nutrient availability is regularly lower relative to ion
dynamics and competition [105].

Furthermore, gypsum combined with organic additions such as compost improves
nutrient cycling, increases soil organic carbon (SOC), and activates microbial biomass, all
enhancing the sustainable improvement of soil fertility [14]. These enhancements to soil
structures inhibit compaction, reduce the bulk density of the soil, and enhance aeration,
thus creating a more hospitable environment to root formation and growth [96]. In addition,
the use of gypsum has been demonstrated to reduce the EC of the soil, increase salt removal
by leaching, as well as decrease the surface-crusting effects of saline soils [111]. Similarly,
porous zeolites with a large surface area can be used as materials that help to retain moisture
and are especially useful in regions prone to drought [26]. The ability of zeolites to bind the
Na* ions to their crystal lattice decreases the Na* level in the soil solution, which decreases
the problem of sodicity stress and increases the ability of the soil to retain moisture [112].
In addition to their functions in nutrient retention and lowering Na levels, zeolites boost P
availability by holding onto NH,* ions, which enhances the break down of organic matter,
particularly when the C:N ratio is high, thereby facilitating the release of P in forms that
plants can absorb [113]. The amendments are synergistic as they enhance the soil structure
and increase its nutrient-holding capacity, as well as surging microbial action (Figure 6).

Biochar i
fceC
tWater retention
TBulk density
1Soil aggregation
| Long-term benefits (decades)
‘ tcarbon sequestration

w
MineralAmendments § Humic Substances .
Replace Na™ to Ca*" | £ 1 Salt leaching
Infiltration E Chelates nutrients
Long-term nutrient | E tMicrobial diversity
retention : 0 Stabilize soil pH
High cost Short-term nutrient

cycling

Figure 6. Effectiveness of biochar, mineral amendments, and humic substances in soil salinization
and co-stress remediation.

The integrated use of these amendments does not only cope with the primary effects of
salinity, but also enhances efficiency in water consumption, nutrient cycling, and microbial
activities [105]. This strategy restores ionic and osmotic balance and relieves the water—
nutrient stress that forms a key constraint in salt-affected areas, owing to the stabilization
of the soil aggregates” improved CEC and also to the facilitation of moisture retention [113].
A summary of recent studies on the combined utilization of biochar, mineral amendments,
and humic substances to manage salinity and factors associated with this stress is pro-
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vided in Table 2. It provides an overview of data regarding the areas of study and forms
of amendments, quantity of applications, periods of time, results, limitations, and crop
reactions. This offers valuable information about the practical efficiency of amendment
procedures integrated to regulate salt-affected soils.

Table 2. Summary of recent studies on the application of biochar, mineral amendments, and humic
substances, including study locations, amendment types, application rates, duration, key findings,
limitations, and crop responses in salt-affected and water—nutrient-imbalanced regions.

Location

Application

Amendment Rate Crop Duration Key Findings Limitations References
1 soil nutrient
1.5-4.5% b status, organic Limited data
China Biochar ’ we.i l'(1)t y Rice 6 years matter, and on long-term [64]
8 enzyme activities effects
in semi-arid region
1 soil nutrient
status, organic
-1 matter, enzyme
0,2025tha ~ activities Limited data
. . 4050 tha™', . o -
China Biochar Rice 6 years | soil ion toxicit on long-term [65]
and 60.75 t y Y &
; d tic stress influence
ha-1 and osmo
T rice yield in
saline alkali paddy
soil
T nutrient uptake Ffiﬁ;ﬁgifs
. o T wheat growth, .
Denmark Biochar 5% (w/w) Wheat One season . confirm [114]
physiology, and
ield long-term
y residual effects
Effectiveness
Various Moeta-analvsis J soil EC and varies with soil
China Biochar application Wheat y increased CEC salinity levels [83]
(1980-2022) .
rates no effect on pH and biochar
feedstock
| exchangeable
Na* Reduction in
Australia Gypsum 24.1tha™! Wheat 26 years T exchangeable Ca* Na* was less [84]
L ESPin dry tropic ~ than expected
region
De-sulfurized . .
(process to 0%, 100%, . T ?Oq aggregation Needs
. o . One growing Tinfiltration rate long-term
China remove sulfur 200% gypsum Rice . .. Lo [115]
. e : season | soil salinity, monitoring for
impurities) requirement dici doH inabili
gypsum sodicity, and p sustainability
e Long-term
+ S?\livsié?lty irrigation with
. Phospho- 14,3, and . Multi-year s low-quality
Ukraine gypsum 6 tha™! Spring barley (2010-2021) fg}?:::ll::i}; water still [116]
semi-arid region poses risks of
& degradation
Effectiveness
| sulfate and depends on
Ukraine Phospho- 6 tha-1 Barley, wheat, 3 years chlgrlde ions ~ proper [116]
gypsum corn T anion—cation irrigation and
balance application
timing
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Table 2. Cont.
Location Amendment Applilactaetlon Crop Duration Key Findings Limitations References
Limited to
1 soil quality greenhouse
Iran Natural zeolite 0.06 kg~ !'m? Radish 50 days | salinity effects trials, needs [117]
T crop yield field-scale
validation.
1 soil water Effectiveness
retention varies with soil
. S 0.149 g kg™ R | salinity conditions;
China Humic acid (optimal rate) Wheat 20162019 1 wheat yield in long-term [118]
coastal agricultural impact not
land assessed
0,2,and S Interaction
4 gkg! (solid hu111<11c ac}ﬁs fT N effects of salt
humus); 0, 0.1 uptake, while foliar = 3¢ jio
Egypt Humic acid oy Rice 2 months application 1 P, K, S [119]
and 0.2% Me. Na. and Zn humic acid
(liquid humic & u at’aie treatment were
acids) P not significant.
One
. o J Na* application
Biochar + (u?}js)h Tlrulrrﬁc accumulation rate may not
Pakistan humic aci e Maize 40 days 1 K* accumulation represent [23]
umic acid acid: 0.15% . I :
(/) 1 K*/Na* ratio in optimal rates
semi-arid region for all
conditions
Short
Biochar+ Biochar 1% 1 soil saturated incubation
China sum (w/w), gypsum Wheat Short term hydraulic period limits [106]
&YP 0.4% (w/w) conductivity long-term
conclusions
Biochar: 7.5, 15, pH increased
. Biochar and 30tha=1; . 1 soil salinity in up to 9.0,
China fulvic acid Fulvic acid: Maize-Barley 3 years coastal saline soils affecting soil [120]
1.5tha™! alkalinity
Gvpsum and Gypsum + rice jss;liln?tu a:rtl}(; Not specified,
South Korea yp straw compost: 10 years samity focused on soil [121]
rice straw et sodicity in coastal -
50 t ha properties

region

Na*: sodium ions. Ca?*: calcium ions. K*: potassium ions. t/ha: tons per hectare. w/w: weight/weight. 1:
Increase |: decrease.

The incorporation of such soil conditioners into management strategies contributes
to the long-term reclamation of saline—sodic soils and promotes sustainable crop yield
and increased soil stability [29]. Research to improve upon and extend these practices is
needed in the future with an emphasis on determining the optimal application rates and
tracking the long-term effects on microbial community structure and function. Additionally,
research should assess the cost of using these amendments in relation to soil prices and
their viability across various soils and climatic regions. Acquiring such knowledge is
important in the development of sustainable soil management strategies that can increase
resilience levels and the production of crops, and address the challenge of ensuring global
food security in salt-affected ecosystems. Recent research suggests that an augmentation
of biochar and humic substances with gypsum leads to a more stable soil, lower leaching
loss, and high efficiency in P and N utilization [105]. In future, research needs to focus on
tailoring application approaches to environmental conditions, the most efficient quantities
of amendments, and the long-term interactions of these amendments to enable sustainable
soil health in farming systems influenced by salt.
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6. Amended Saline Soils: Geochemical Transformations

Clay particle dispersion and water stagnation in saline-sodic soils as a result of
excessive Na* induces soil structure damage [83]. Biochar reverses this by providing cation
exchange sites using its oxygen-manifested functional groups (-COOH and -OH) so that
Ca?* and Mg?* are preferentially retained compared with Na* [122]. Furthermore, biochar
contains alkaline minerals such as calcium carbonate (CaCOs3) and magnesium oxide (MgO),
which can stabilize soil pH and facilitate the dissolution of native calcite, to release Ca>* ions
into the soil [123]. This helps displace exchangeable Na and enhances soil structure [123].
Acid-modified biochar has displayed a reduction in ESP by 20.95 and a rise in CEC by 11.49,
illustrating its potential to nullify soil geochemical balance [114]. This adjustment effectively
realigns ionic reactions, impacting nutrient mobility and water cycling [30]. In addition to
its impact on the physical and chemical properties of soil, biochar has significantly increased
the biological activity of soil (microbially mediated processes) which is important in nutrient
cycling [46]. Aeration and moisture conditions were favorable to allow microbial activity
indicated by growth in enzymes such as dehydrogenase and cellulase, which are considered
important indicators of oxidative metabolism and carbon cycling [124]. Such improvements
in enzymes help in the decomposition of organic matter and the stabilization of SOC [125].
Biochar also stimulates nitrogen cycling by enhancing urease activity, particularly when
co-applied with gypsum, which helps buffer ionic toxicity and support NH,;* retention [46].
Likewise, P availability is enhanced through an enhancement in phosphatase activity under
biochar-humic blends, promoting P mineralization in saline conditions [126]. In addition,
it affects the solubility of nutrients through the modulation of pH [93]. Although the use
of high-temperature, alkaline biochar in the soil may increase pH, low-temperature or
acidic biochar have the potential to reduce the pH in soil by 0.7159 units, driving calcite
dissolution and the sequent release of CaZ* ions [127]. Furthermore, biochar enhances redox
potential (Eh) by acting as an electron shuttle, benefiting microbial respiration [123]. It also
upregulates oxidative stress enzymes like catalase and superoxide dismutase, mitigating
reactive oxygen species (ROS) and improving microbial resilience [128].

Biochar can play a role in general ionic rebalancing and redox stabilization when
used in combination with calcium sulfate (CaSOy4), vermicompost, or microbial inocu-
lants [111]. Ca?* released from CaSOy displaces exchangeable Na*, decreasing ESP by
14.6%, while bicarbonate precipitates as CaCOj3, reducing soil pH from 9.6 to 7.4 [109].
These geochemical shifts are paralleled by increased microbial biomass and enzymatic
activity, particularly those associated with carbon and N transformations, including dehy-
drogenase and nitrate reductases [30]. Improved redox conditions stimulate enzymes like
peroxidase and polyphenol oxidase, which break down lignin, accelerate organic matter
decomposition, and enhance the release of nutrients in the soil [3]. Another geochemical
influence is the enhancement of SOC stability. Biochar contributes directly to SOC and also
reduces its decomposition by physically protecting organic matter within soil aggregates
and chemically bonding with mineral surfaces [40]. In biochar-treated saline soils, the
accumulation of microbial necromass contributing as much as 32% of total SOC plays a
key role in boosting long-term carbon storage [87]. Nutrient cycling is enhanced as biochar
increases P and K availability, both by supplying nutrients and preventing their fixation
in salty environments [127]. Furthermore, biochar use has been found to elevate available
P by 39.9% and K by 37.7%, tackling typical nutrient shortages in salt-impacted soils [87].
These interrelated geochemical shifts, such as ion balance restoration, shifts in redox poten-
tial, and alterations in microbial communities, work together to enhance soil fertility and
lessen the effects of salinity [18]. However, the study emphasizes the need for field-level
validation to determine the long-term persistence of these benefits, especially in deeper soil
layers that are not directly treated with biochar. Moreover, conducting comprehensive life
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cycle assessments is essential to evaluate the environmental and economic sustainability of
applying biochar at scale for reclaiming saline soils.
Meanwhile, gypsum reclaims sodic soils through three interconnected geochemical
processes. First, its dissolution releases Ca?* and SO, ions into the soil solution [9].
The liberated Ca2* drives cation exchange, displacing Na* from clay surface and
improving structure (Equation (3) [9]).

2Clay-Na* + Ca?" — Clay-Ca®* + 2Na* (3)

Simultaneously, the released SO4?>~ can keep the levels of critical important elec-
trolytes sufficient so as to avoid the dispersion of the clays via improved ionic strength.
This electrolyte effect sustains hydraulic conductivity even under leaching conditions
(Equation (4) [9]).

CaCOj; + H,0 + CO, — Ca*" +2HCO;3~ (4)

The combined sources of Ca®* contribute to the stabilization of soil structure through
enhanced flocculation. While limestone raises soil pH and superphosphate lowers it, to-
gether they help maintain a neutral pH range (6.5-7.5), which is important for minimizing
the risk of metal mobilization [10]. Over time, the gradual dissolution of gypsum ensures a
continuous release of Ca* for sustained Na* displacement, while the downward migration
of SO42~ enhances the remediation of subsoil sodicity [129]. This dual process, involv-
ing the immediate surface exchange of cations and delayed delivery to lower horizons,
makes gypsum highly effective in arid conditions [116]. It prevents re-sodification after
reclamation and supports long-term soil fertility [130]. As sodicity decreases, associated
microbial stress is alleviated, enabling the recovery of enzymatic systems sensitive to ionic
imbalances, notably dehydrogenase and urease [131]. In calcareous soils, the co-dissolution
of native CaCOj also enhances pH buffering and thus supports the stability of enzymatic
functions associated with N and P cycling [113]. Field evaluations consistently demonstrate
gypsum’s superiority over more soluble amendments in maintaining hydraulic conductiv-
ity and enhancing crop yields across multiple growing seasons [10]. In arid environments,
artificial zeolite (AZ) effectively mitigates sodicity through targeted Na*-Ca?* exchange
reactions [132]. This exchange process is promoted by the material’s high CEC and selective
Na* removal, primarily through cation exchange (not adsorption), owing to its optimal
pore size. As a result, AZ can reduce the ESP by 40-60%, even under limited leaching
conditions [77]. The gradual release of CaZ* from AZ’s aluminosilicate framework stabi-
lizes soil aggregates, increasing mean weight diameter by 20-35% in smectite soils, while
reducing surface seal formation by 50-70% via the modulation of surface charge. This
leads to a 2.5-fold increase in saturated hydraulic conductivity (Ks) [132]. During episodic
rainfall, AZ enhances microaggregate cohesion, reducing sediment concentration in runoff
by 30-50%. It also decreases runoff salinity by up to 60%, mainly through Na* retention
within its porous matrix [75]. This same porosity also improves soil moisture retention,
promoting microbial colonization and activity [133]. These favorable microhabitats, in turn,
support the enhanced activity of nutrient-cycling enzymes, particularly phosphatase and
urease, which are critical for P mineralization and N transformation [133]. These enzymatic
enhancements are especially notable when AZ is co-applied with organic compost, where
synergistic interactions further enhance nutrient turnover and microbial efficiency [75]. In
dryland systems, the evaporation-driven cycling of Ca* ions occur as water evaporates,
causing Ca to be released and circulated in the soil. This process enhances the effectiveness
of AZ by improving soil structure and nutrient availability, which supports better plant
growth and soil stability [26]. Meanwhile, its wind-stable particle size (100-300 um) helps
reduce particulate matter emissions by 45%, contributing to improved air quality in dryland
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systems [132]. Field applications in arid soils have demonstrated an optimal performance
at 5-10% AZ application by weight, with an up to 25% improvement in calcium retention
when combined with compost—demonstrating AZ’s dual role in sodicity remediation and
erosion control under water-limited conditions [133]. Meanwhile, humic acid mitigates
salinity stress through a combination of geochemical and biological pathways [119]. In
calcareous and saline-sodic soils, humic acid improves micronutrient bioavailability, modi-
fies cation exchange dynamics, and enhances redox buffering capacity [134]. Its -COOH
and -OH functional groups chelate metal ions such as Zn?*, Fe*, and Cu?*, preventing
their precipitation as hydroxides or carbonates [135]. The formation of Zn-HA complexes
is particularly stable, with a log K (equilibrium constant) value ranging from 4.2 to 5.8
at pH 7.5-8.5, promoting micronutrient availability under alkaline conditions [135]. Si-
multaneously, humic acid facilitates Na* displacement through Ca?*~humate complexes,
facilitating aggregate flocculation and the structural repair of sodic soils [107]. Humic
acid also induces rhizosphere acidification, reducing pH by 0.1-0.3 units at rates of 100 kg
ha—!, and this action increases the solubility of Fe and Mn [135]. This humic acid-mediated
acidification effect is attributed to its ability to increase proline accumulation [136]. Proline
helps with pH buffering and osmotic balance in the cell, with a relative increase of 7.55%
under saline conditions [136]. Humic acids also help microbes in the reduction of Fe3*
and Mn** oxides through their quinone groups, and this facilitates redox processes in
anaerobic and salt-affected soils [137]. These redox reactions help to lower reactive oxygen
species levels and activate the antioxidant enzymes catalase, peroxidase, and superoxide
dismutase (SOD), contributing to better microbial stability and performance in a saline
environment [138]. Beyond its role in redox balance and structural enhancement, humic
acid also supports nutrient cycling [21]. The increase in phosphatase and oxidoreduc-
tase levels after humic acid application indicates improved P availability and microbial
respiration [119]. This is particularly beneficial in saline soils with ionic imbalances and
micronutrient deficiencies [21]. It also helps in soil aggregation and lowering ESP by linking
clay particles through Ca?* and Mg?* ions. Its ability to occupy binding sites on soil colloids
also helps mitigate Na toxicity [139]. Additionally, humic acids can complex with AI** and
Cu?* ions under certain conditions, helping regulate soil pH and reduce metal mobility.
This promotes biochemical stability in soils affected by salinity or acidity [119]. These
activities highlight the role of humic acids in ion balance homeostasis, redox regulation,
and enzyme activity, turning it into an effective amendment for enhancing soil resilience,
microorganism efficiency, and nutrient uptake in saline-impaired soils [66]. It is even more
effective when used with mineral amendments like gypsum or zeolite, as the combination
significantly improves soil attributes and crop yields in saline environments [140]. These
minerals provide important divalent cations, add to the displacement effect of Na, and
contribute to the chelating effects of humic acids [141].

Fulvic acids play a key role in shaping the geochemical behavior of saline soils by
influencing metal ion binding, speciation, and mobility [142]. These processes are governed
by pH-dependent and competitive interaction mechanisms [137]. As a low-molecular-
weight fraction of soil organic matter, fulvic acid is rich in oxygen-containing functional
groups notably carboxyl and phenolic moieties that confer a high complexation capacity,
particularly with metal ions [140]. Fulvic acid is particularly relevant to regulating the ion
exchange and metal speciation of soil solution in a saline soil environment [143]. It has
a tendency to form stable inner-sphere complexes with toxic metals such as lead (Pb?*),
hence, immobilizing the toxic metal and restricting spreading to plants and the microbial
community [137]. Metal adsorption is highly dependent on pH with higher adsorptions
being caused above pH 4.5. This is due to the protonation of functional groups, which
reduces the availability of binding sites [144]. Fulvic acids bind to Ca?* ions, in most cases,
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more weakly than to heavy metals and are characterized by gated outer-sphere interactions
that are easily affected by ionic strength changes [143]. In the case of saline soils with
high amounts of either Na* or K¥, the electrical double layer around the fulvic acid layer
shrinks in size, impairing its capacity to hold Ca?* and the migration of calcium ions in
the soil solution [145]. The equilibration between Ca®* and other divalent cations over the
binding sites is also considerably eminent in influencing the geochemical phenomena of
saline soils [146]. Given the central role of Ca?* in aggregate flocculation and soil structural
integrity, these interactions have far-reaching implications for soil physical stability and
nutrient accessibility [147]. Although these amendments effectively alter geochemical
processes in saline soils, gaps remain in understanding their long-term geochemical stability,
particularly in subsurface horizons. The coupled effects on ion exchange, pH buffering,
and micronutrient mobility under field conditions are still poorly quantified [9]. Future
research should emphasize depth-specific geochemical monitoring, as the effectiveness of
such approaches depends on the source of salinity. In cases where salinity originates from a
saline subsoil, deep rooting may not be an effective solution. Additionally, research should
focus on the interactive effects of combined amendments to better predict soil behavior and
optimize amendment strategies under variable salinity regimes.

7. Practical Considerations and Long-Term Viability and Sustainability

Soil amendments for saline soil remediation should be critically evaluated using a
multi-factor approach. This approach should consider agronomic effectiveness, economic
profitability, energy intensity, and ultimate long-term viability and sustainability. Although
the ability of these amendments to improve soil structure, nutrient retention, and crop
yield in saline conditions has been proven by several field studies, their implementation
in practice depends on their site-specific long-term behavior, optimization at the site, and
the perception of cost benefits [148]. The long-term use and performance of these amend-
ments largely remain dependent on their chemical properties, their contact with native
soil minerals, and factors related to climate (temperature, precipitation, irrigation systems,
etc.) [136]. This knowledge can be essential in optimizing the use of amendments to ensure
the long-term recovery of soil and its productivity. Specifically, biochar is characterized by
long-term stability in soils, and its effects remain over many decades or centuries because
of its recalcitrant carbon structure [149]. Experimental investigations have indicated that
the largest impacts of applying biochar on enhancing soil moisture, nutrient status, and
enhanced structural stability typically occur within the first 3—6 years [150]. These effects
are primarily due to biochar’s direct physical properties, including its high surface area
and porosity, which immediately affect water retention and nutrient-holding capacity [58].
However, the full range of biochar’s benefits may take decades or even centuries to be fully
realized [106]. These longer-term benefits are linked to more complex and slower processes,
such as the gradual transformation of biochar into stable organic matter through microbial
and chemical processes, as well as the accumulation of soil organic carbon over extended
periods [149]. It suggests that intermittent treatment should be reapplied to sustain and
accumulate the advantage of the original treatment during several intervals [65]. In compar-
ison, humic substances, especially humic acids and fulvic acids, deteriorate more quickly,
and their impact typically lasts between several months and a couple of years. Conse-
quently, they have to be utilized at a higher frequency to continue with their positive effects
on soil aggregation, microbial activity, and nutrient availability [86]. Depending on their
solubility and interactions with other soil components, mineral amendments like gypsum
and zeolites affect the management of soil salinity and nutrient retention [19]. Moderate
solubility enables gypsum to provide Ca?* ions that replace Na* ions in the soil, which
enhances soil structure and water drainage in saline—sodic soil in arid environments [54].
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Over a longer time scale, the effectiveness of gypsum might decline due to it leaching out
of the soil profile, hence it requires frequent reapplication [118]. On the contrary, zeolites
are long-term cation exchangers that continuously release valuable nutrients and they
primarily exchange cations such as Na™* ions, mitigating the sodic soils conditions [151].

Biochar is characterized by a high initial cost of production and its long-term impacts
on porosity and water retention as well as nutrient cycling and carbon sequestration [152].
It directly contributes to building up stable soil carbon over time [65]. When derived from
renewable agricultural residues, biochar contributes to circular bio-economies and offsets its
energy-intensive production through lasting soil improvements [65]. Optimized application
rates (e.g., 8 t ha~!) have demonstrated strong economic returns, with IRRs exceeding
85%, and favorable benefit-cost ratios [83]. In addition to economics, its polyaromatic
structure makes it less susceptible to microbial degradation and its stable carbon content
varies between 40 and 76% depending on pyrolysis conditions [150]. In contrast, humic
substances offer a more cost-effective and energy-efficient alternative. However, they
require repeated applications due to their dynamic behavior in variable environments [105].
Their persistence and chelating functionality are closely tied to soil type, moisture regime,
and ionic composition [146]. Their chemical and molecular heterogeneity, as well as their
affinity to bind polyvalent cations, make them structurally and chemically stable. This
increases their long-term operational input [153]. The recent developments in synthetic
humic substances provide an unprecedented chance to optimize carbon stabilization in soil
aggregates and to increase its permanence [95].

In sodic soils, gypsum is an effective amendment as its dissolution releases Ca?*
ions, displacing exchangeable Na* ions from soil colloids and promoting clay particle
flocculation. However, gypsum use poses environmental challenges, including the impact
of mining and transportation, and the risk of excess Ca®* in fine-textured soils [80].

Such challenges show the necessity to apply them carefully and in a site-specific
manner to prevent long-term problems such as soil compaction and chemical imbalances.
Although their initial costs are higher than those of its alternative, zeolites serve as durable
geochemical stabilizers because they have great proportions of cation exchange ability, a
stable structure, and micro-porosity. They are also effective in storing ammonium and
potassium and cutting nutrient losses, which makes them contribute to the decreased use
of fertilizers and long-term soil fertility [76]. Zeolite efficiency requires accurate application,
making their wrong application interrupt nutrient proportions [77].

These amendments differ considerably in relation to their energy use and footprint.
While biochar production is energy-intensive, it consumes renewable biomass, whereas
gypsum and zeolites are non-renewable minerals contributing to increased transportation
emissions [72]. Combined amendment approaches are recognized as a sustainable solution,
one that seeks to attain the maximum synergistic effect via the combination of various
substances [107]. Biochar combined with gypsum, humic substances, or zeolites increases
nutrient availability and fosters beneficial microorganisms in soil. This improves soil
structure and reduces ionic stress [153]. Combinations of amendments can be tailored
to individual soil types, salinity, and crop traits, optimizing resource use with fewer
inputs required and in a way that successfully rehabilitates saline soils [56]. These holistic
solutions can significantly reduce greenhouse gas emissions, particularly nitrous oxide
(N20O), by enhancing nitrogen retention and controlling microbial activity [90]. Studies show
that biochar amendments can reduce N,O emissions by 30-50%, depending on biochar
properties and soil conditions. This reduction is mainly due to decreased denitrification and
promoted nitrification inhibition in soils [40]. A complete assessment of the lifespan of these
amendments must look at sustainability parameters like the sequestering of carbon, the
frequency of their application, economic feasibility, and potential environmental impacts.
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To assist farmers to embrace these practices, specific policy interventions, local policies,
and powerful systems of knowledge exchange are imperative. Of all the measures, biochar
has the potential to offer long-term effects in terms of agronomical, environmental, and
ecological benefits. As a consequence, it is the focus of sustainable systems for saline soil
management [154]. A holistic assessment of agronomic results, economic practicability,
energy input, and long-term sustainability is essential when applying soil amendments
like biochar, humic substances, gypsum, and zeolites for saline soil reclamation [155]. Field
experiments have demonstrated the value of biochar in improving soil structure, nutrient
retention, and crop yields in saline soils. However, the best application approach in these
conditions depends on site-specific optimization and a cost/benefit analysis [148].

8. Conclusions

Soil salinization, compounded by nutrient imbalances and water stress, poses a critical
threat to agricultural sustainability, particularly in arid and semi-arid ecosystems. This
review has addressed key research gaps by systematically evaluating the effectiveness,
mechanisms, and long-term sustainability of various soil amendments in mitigating salinity
and restoring soil functionality. A particular emphasis was placed on how these amend-
ments alter geochemical processes, improve soil physical properties, enhance nutrient
availability, and support microbial resilience under saline conditions. First, we elucidated
the distinct and complementary roles of organic (biochar, humic substances) and inorganic
(gypsum) amendments in displacing Na* ions, improving CEC, regulating pH, and en-
hancing water and nutrient dynamics. Second, we highlighted mechanistic pathways,
ion exchange, mineral dissolution, chelation, and redox regulation, through which these
amendments modulate soil chemistry and biology to alleviate osmotic and ionic stress.
Third, we demonstrated that integrating biochar with humic acids or gypsum yields better
outcomes than individual treatments, enhancing soil structure stabilization, nutrient cy-
cling, and crop performance. This review highlighted persistent challenges, including the
lack of long-term field validation of amendment effects, the insufficient understanding of
geochemical transformations, and limited guidance on optimizing amendments based on
site-specific salinity and soil texture. By consolidating findings across various agroecologi-
cal contexts, this study provides a conceptual framework for the selection and integration
of soil amendments tailored to specific salinity stressors and co-occurring nutrient defi-
ciencies. This review also presents emerging insights into geochemical transformations
induced by these amendments, such as enhanced mineral weathering and enzyme activity,
which collectively support sustainable soil rehabilitation. It lays a scientific foundation for
developing integrated, site-adapted soil management strategies that reconcile agricultural
productivity with environmental sustainability. Future research should prioritize multi-
seasonal, field-scale experiments, and the development of decision support tools to guide
practitioners in deploying amendment technologies effectively. By doing so, we can move
toward holistic and resilient soil restoration practices that support global food security in
the face of increasing salinization and climate variability.

(1) Despite growing evidence supporting the use of soil amendments in saline soil remedi-
ation, several key challenges continue to limit their optimization and scalability. One
major issue is the site-specific variability in amendment performance, influenced by
soil texture, salinity type, climate, and water regime. There is still limited knowledge
on the long-term geochemical impacts, i.e., redox reactions, ion exchange actions, and
solubility of nutrients, particularly in evolving climatic conditions. Future investi-
gations should concentrate on exploring the enduring geochemical consequences of
soil amendments under diverse climatic conditions. Moreover, approaches should be

https:/ /doi.org/10.3390/agronomy16020222


https://doi.org/10.3390/agronomy16020222

Agronomy 2026, 16, 222

24 of 32

adapted to specific regional soil properties and climatic variables to enhance scalability
and efficacy.

(2) The persistence and functionality of amendments also vary significantly. Biochar
has long-term stability, although its performance varies with the feedstock and py-
rolysis conditions. Meanwhile, humic substances break down fast, necessitating
re-application and an increase in cost. Also, there is a possibility of zeolites attaining
an ion saturation point and gypsum can cause the subsequent adsorption of calcium,
which also requires a monitoring framework and optimization of the dosage. Future
research should focus on refining application rates. Furthermore, context-specific
strategies must be devised to account for feedstock variations, pyrolysis conditions,
and ion saturation thresholds.

(8) Combined applications are often more beneficial than single treatments in improv-
ing soil health and nutrient dynamics, as they promote synergistic interactions that
enhance nutrient availability and microbial activity (e.g., biochar can improve the
retention of nutrients added through compost, while gypsum can help mobilize Ca
and improve soil structure when combined with organic matter [99]). Few studies
investigate the geochemical mechanisms driving these interactions. Current models
still fail to fully capture the combined effects of ionic rebalancing and pH regulation
essential to long-term soil recovery. Future studies should explore the geochemical
mechanisms of combined applications to clarify their impact on soil health.

(4) On the practical side, cost, accessibility, and energy use remain significant barriers
in resource-limited areas. In addition, quality control, especially for biochar- and
gypsum-induced imbalances, requires stronger regulatory standards. Future initia-
tives should aim to mitigate costs and enhance accessibility, particularly in resource-
deficient areas. Moreover, stringent regulatory frameworks are essential to ensure
quality control, particularly concerning biochar- and gypsum-induced imbalances.

Tackling these challenges is essential to harness the full potential of integrated amend-
ment strategies for reversing soil salinity, restoring geochemical balance, and supporting
climate-resilient agriculture.
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