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ABSTRACT

Soil is a dynamic and multifunctional natural resource that underpins terrestrial ecosystems and
agricultural productivity. Its ability to sustain plant growth and ecosystem services is governed
by key physico-chemical properties, including pH, texture, moisture, temperature, electrical
conductivity (EC), and soil organic matter (SOM). Soil pH regulates nutrient solubility and
microbial processes; texture controls water retention and nutrient-holding capacity; moisture
and temperature influence biochemical reactions and plant development; EC reflects soluble salt
status; and SOM enhances aggregation, nutrient storage, and biological activity. This review
synthesizes the dynamics of essential macronutrients (N, P, K, and S) and micronutrients (Zn and
B), emphasizing how their availability and mobility are strongly influenced by soil chemical and
physical conditions. Nitrogen transformations are microbially mediated, phosphorus availability
depends on organic matter and fixation processes, potassium behavior is linked to clay
mineralogy, sulfur mobility is associated with sulfate leaching, and micronutrient availability is
highly sensitive to soil pH and texture.

The impacts of intensive agricultural practices and excessive agrochemical use on soil
degradation and nutrient imbalance are critically discussed. Sustainable approaches such as
integrated nutrient management, organic amendments, and biofertilizers are highlighted as
effective strategies to restore soil health. Overall, maintaining balanced soil physico-chemical
properties is essential for long-term productivity, environmental sustainability, and global food
security.

Introduction

Soil represents one of the most fundamental and vegetation is covered by soil, and the distribution, density,

indispensable resources of the natural environment, serving
as the primary substrate that sustains virtually all terrestrial
life. Every living organism, either directly or indirectly, relies
on plants for its essential daily needs, including nutrition,
shelter, and other life-sustaining requirements, and these
plants, in turn, are entirely dependent on the soil for their
growth, development, and productivity. Soils provide the
indispensable medium through which crops are cultivated,
enabling the production of food, fiber, and other plant-
derived materials crucial for human survival and
socioeconomic  development. Beyond its undeniable
significance in agriculture, soil serves a broader ecological
function and is invaluable for all living organisms, acting as a
reservoir of nutrients, moisture, and energy that sustains
terrestrial ecosystems. As a vital component of the terrestrial
ecosystem, soil performs a myriad of functions, many of
which are essential for the maintenance and sustainability of
plant growth, productivity, and ecological balance [1]. The
recognition of soil as a critical repository of nutrients and
moisture for the production of forage and other plant
species dates back to the early development of forest
management as a scientific discipline, highlighting its
enduring importance in ecological and agricultural systems
[2]. Almost every portion of the Earth's surface that supports

and diversity of vegetation are intricately linked to the
chemical, physical, and biological characteristics of the
underlying soil [3]. The process of soil formation is both
constructive and destructive, encompassing a wide range of
dynamic geological, chemical, and biological interactions [4].
Soil originates from the fragmentation of parent rock
material, which undergoes extensive alteration through
weathering, erosion, and other chemical and mechanical
processes. It is not merely a collection of mineral particles,
but rather a highly complex system that integrates inorganic
minerals, organic matter, living microorganisms, and other
biotic and abiotic components. This complexity enables soil
to perform multiple essential functions that benefit human
society, plants, animals, and the broader ecosystem [5].
Factors such as climate, topography, biological activity, and
parent material interact in intricate ways to influence the
characteristics and formation of soil, resulting in significant
spatial and temporal variability. Contrary to the common
perception of soil as an inert or lifeless material, a healthy
soil is vibrant and dynamic, teeming with microorganisms
that drive nutrient cycling, organic matter decomposition,
and various biochemical transformations necessary for
ecosystem functionality. The uppermost layer of soil, often
enriched in nutrients and organic matter, supports the
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highest levels of biological productivity, including crop
growth and bio-farming activities.  Soil  profile
characteristics, including depth, color, texture, and chemical
composition, exhibit distinct variations across different
regions, influenced by local environmental and ecological
conditions. Soil is a natural body composed of mineral and
organic materials, differentiated into horizons that vary
systematically in physical, chemical, and biological
properties. The mineral composition of soil, the quantity and
quality of organic matter it contains, and the surrounding
environmental factors are all fundamentally determined by
the chemical properties of the soil [6]. Soil depth also varies
widely, with differences in morphology, constitution,
physical attributes, chemical characteristics, and biological
composition relative to the underlying parent material [7].
Soil chemistry encompasses all chemical reactions and
processes occurring within the soil that directly impact plant
growth, animal development, and human well-being [8]. A
comprehensive understanding of soil chemical reactions and
the various processes occurring within the soil matrix is
indispensable for the development of innovative strategies in
resource management, as well as for understanding,
predicting, and regulating the behavior of terrestrial
ecosystems at both regional and global scales [9]. Soil
chemistry governs the availability and transformation of
nutrients, the retention of moisture, and the cycling of
organic and inorganic compounds, all of which directly
influence ecosystem productivity and resilience. The modern
conception of soil quality encompasses not only the ability of
soil to sustain plant and animal productivity, but also its
capacity to enhance water and air quality and contribute
positively to plant and animal health [10]. This notion of soil
health has continuously evolved over time, driven by
increasing insights into the complex interactions among soil
chemical, physical, and biological attributes, and their
collective influence on overall soil functionality [11].
Recognized as one of the most valuable natural resources of
any country, a detailed understanding of soil characteristics
is essential for formulating optimal land-use plans aimed at
maximizing agricultural productivity while maintaining
ecological balance [12]. Agriculture, defined as the art and
science of cultivating plants from the soil, remains one of the
most economically significant activities for human societies

[13].

Soil fertility constitutes a critical determinant of plant
growth and productivity. It depends on the concentration
and availability of macronutrients such as nitrogen (N),
phosphorus (P), and potassium (K), along with organic and
inorganic matter, micronutrients, and soil moisture. In
general, deficiencies in these essential nutrients, along with
suboptimal chemical fertility, are major contributors to soil
degradation and declining productivity [14]. Nutrient
deficiency has emerged as a significant constraint to soil
productivity, stability, and long-term sustainability [15]. The
structural integrity of soil aggregates deteriorates rapidly
under repeated cropping of annuals that contribute minimal
organic matter, necessitate extensive cultivation, and
provide inadequate vegetative cover [16]. Soil nutrient
cycling encompassing the addition, transformation, and loss
of nutrients is critical to maintaining a balanced composition
of organic and inorganic soil constituents. In recent decades,
the widespread application of organic and inorganic
fertilizers, alongside pesticides, has become a common
practice among farmers to enhance crop yield and quality.

The productivity and nutritional quality of crops are strongly
dependent on the appropriate use of fertilizers and the
availability of micronutrients. Consequently, the condition of
soil, as the universal medium for plant growth, plays a pivotal
role in supplying essential nutrients to cultivated plants [17].
However, excessive fertilizer application has altered the
physico-chemical status of many soils, leading to imbalances
that are difficult to manage and potentially harmful to soil
health, plant productivity, and human and animal health [18].

The interaction of various farming practices, environmental
factors, and soil characteristics gives rise to the specific
properties observed in different soils. Physico-chemical
properties vary spatially and temporally due to factors such
as topography, climate, weathering processes, vegetation
cover, microbial activity, and a range of biotic and abiotic
influences [19]. These differences contribute to the formation
of distinct soil types, each with unique characteristics that
have significant implications for agricultural management and
productivity [20]. Land-use changes, particularly the
conversion of forested areas to agricultural land, can lead to
the deterioration of soil physico-chemical properties,
ultimately resulting in infertile or barren soils incapable of
supporting normal vegetation growth for extended periods
[5,21]. While industrialization and intensified agricultural
practices are essential to meet the growing food demands of
human populations, it is equally important to ensure
environmental sustainability [22]. Ultimately, both food
productivity and environmental quality are intimately linked
to the physico-chemical properties of soil, underscoring the
necessity of developing a thorough understanding of soil
characteristics to ensure sustainable agricultural practices
and long-term ecosystem health.

Role of Physico-Chemical Properties in Soil Quality
pH

Soil pH represents one of the most critical physical and
chemical parameters influencing the overall quality and
fertility of soils. It has a profound effect on solute
concentration, nutrient availability, and absorption
mechanisms within the soil matrix [23]. For farmers and
gardeners, monitoring and managing soil pH is essential
because different plants and soil organisms exhibit
preferences for either acidic or alkaline environments [24].
Soils with a pH below 6 are classified as acidic, those with a
pH ranging from 6 to 8.5 are considered neutral or normal,
and soils with a pH above 8.5 are categorized as alkaline. In
the study conducted by Sumit Kumar et al., the pH of
cotton-growing soils was observed to range between 7.5 and
8.4, indicating near-alkaline conditions [25]. Soil pH serves as
a reliable indicator of nutrient balance and availability;
essential micronutrients such as Fe, Mn, Zn, and Cu are
generally more soluble and accessible in acidic soils
compared to alkaline soils [26]. Moreover, pH regulation
plays a pivotal role in maintaining soil fertility and guiding
the application of amendments for soil amelioration [27]. It
also reflects the equilibrium among nutrients, cation
exchange capacity, organic matter content, and overall soil
health [28]. Williams studied the effects of pH on nutrient
balance and found that elevated pH levels can significantly
reduce the availability of micronutrients in soils, while lower
pH enhances their solubility [29]. Typically, soil pH increases
with depth, and extreme deviations either highly acidic or
highly alkaline can impair crop growth due to imbalances in
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ionic strength [25]. High soil pH levels are often attributed to
the infiltration of alkaline effluents from industries such as
cement production, as elevated sodium content contributes
to alkalinity [30]. In addition, soil infiltration and water
movement are frequently compromised under high-pH
conditions. For example, soils in the Vidharbha region of
Maharashtra exhibited neutral to moderately alkaline
reactions, with pH values ranging from 7.15 to 8.03 [31].

Electrical Conductivity (EC)

Electrical conductivity is a rapid, cost-effective, and widely
used indicator of soil health, reflecting the concentration of
soluble ions present in the soil solution. Higher ion
concentrations increase the EC, which is influenced by soil
depth, texture, drainage, and rainfall patterns [32]. In upland
soils, EC variability tends to be lower, likely due to leaching
of alkaline and basic ions facilitated by slope and high
permeability. EC correlates closely with soil properties
including texture, cation exchange capacity, organic matter,
drainage, and salinity [33]. It serves as a practical tool for
estimating soluble salt concentrations, assessing soil salinity,
and monitoring nutrient availability [34-35]. Putman and Alt
also reported that leveling of soils alters the salt
concentrations within the root zone [36]. The EC of soils
depends on moisture content; soils with higher water
content generally show higher conductivity. EC values below
1 dS/m indicate normal soil, values between 1-2 dS/m are
critical for seed germination, 2-3 dS/m affect growth of
salt-sensitive crops, and values exceeding 3 dS/m are
considered severely injurious to crop development [30]. EC
thus provides a valuable, integrated measure of soil chemical
status and its potential constraints for agricultural
productivity.

Texture

Soil texture, defined by the relative proportions of sand, silt,
and clay particles, plays a fundamental role in determining
the physical, chemical, and biological behavior of soil.
Texture directly affects water retention, aeration, root
penetration, and the overall nutrient dynamics of the soil.
Electrical conductivity often reflects soil texture; clayey soils
exhibit higher conductivity, while sandy soils are
comparatively poor conductors [37]. In different regions, soil
textures vary: black soils are typically loamy to clayey, red
soils range from silty clay to loamy, and yellow soils often
display a loamy clay composition [38]. The textural class of
soil influences nutrient availability, water retention, and
cation exchange capacity. Sandy soils, characterized by low
nutrient content, minimal moisture retention, and low
buffering capacity, are highly permeable, making them prone
to nutrient leaching and deficiencies [39]. They also contain
limited organic matter. Al-Omran demonstrated that the
addition of clay deposits to sandy-textured soils enhanced
squash crop productivity [40]. Sandy loam soils allow easier
root penetration but may not support deep-rooted crops
effectively [1]. Conversely, clayey soils retain moisture for
longer periods due to low permeability, which can be
detrimental for crops intolerant to prolonged wet conditions
[41]. The high organic matter content of clay soils, coupled
with substantial cation exchange and pH buffering
capacities, makes them resilient to water and wind erosion
[39]. Clay is also exploited commercially in cosmetic
applications, where its color and mineral content determine
its use in beauty spas [42]. Loamy topsoil overlying clayey

subsoil can be highly susceptible to severe degradation if
erosion diminishes the depth of the topsoil [1]. Variability in
soil texture can influence other soil functions and potential
threats, such as erosion, compaction, and waterlogging,
thereby impacting overall soil health and productivity [43].

Soil temperature

Soil temperature is another key parameter influencing the
chemical, physical, and biological processes that underpin
plant growth. It fluctuates with seasonal changes, diurnal
cycles, and local climatic conditions, with solar radiation
being the primary source of heat, supplemented by heat
generated through biological and chemical reactions within
the soil [44]. Rising soil temperatures accelerate chemical
reactions, reduce gas solubility, and can decrease soil pH,
thereby affecting nutrient availability and microbial
dynamics [45]. Temperature also governs seed germination,
biomass accumulation, and microbial activity, directly
impacting plant productivity and ecosystem function [46].
Variations in soil temperature are largely driven by energy
exchange processes occurring at the soil surface [45]. For
example, Bahuguna et al. reported that soil temperatures in
Uttarakhand, India, ranged between 38°C and 43°C,
reflecting both climatic influences and soil characteristics
[47].

Moisture

Soil moisture is a key physical property that directly affects
nutrient availability and uptake by plants. The water content
of soil is closely related to its texture, structure, and organic
matter content, and is influenced by factors such as void
ratio, particle size, clay mineralogy, and groundwater levels.
Soils with higher porosity, such as clay-rich soils, generally
hold more water than coarser-textured sandy soils [48]. The
capacity of soil to retain water is indicative of its physical
condition and fertility, providing essential insights for
evaluating regional soil water balance and irrigation
management [49-50]. Thakare et al. reported maximum
water-holding capacities for red and black soils, highlighting
the variability of soil moisture retention across different
textural classes [51]. Sandy soils can be rapidly recharged
with water but are unable to retain moisture as efficiently as
soils with heavier textures [38]. Oseni et al. observed higher
soil moisture levels, ranging from 13.81% to 26.27%, in
rainforest and plantation soils in Ondo State, Nigeria [52].
These observations highlight the significant spatial variability
in soil moisture influenced by climatic conditions, soil
texture, and vegetation cover. Soil moisture not only governs
the uptake of essential nutrients but also plays a
fundamental role in regulating microbial activity,
decomposition processes, and overall soil fertility.

Soil Organic Matter (SOM)

Soil organic matter is a fundamental property of soils,
influencing their physical, chemical, and biological functions.
Soils deficient in organic matter are more susceptible to
erosion, reduced fertility, and poor water retention, whereas
soils rich in organic matter are highly suitable for
agricultural practices. Organic matter can be added through
animal manures, composts, crop residues, and other organic
amendments, enhancing nutrient content and soil structure.
Higher organic matter content is associated with reduced
soil pH, increased cation exchange capacity, and improved
nutrient retention [53].
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Soil organic matter tends to decrease with depth, as surface  in erosion, runoff, and deposition [56]. Soils rich in organic
layers are richer due to organic inputs and microbial activity, —matter supply greater amounts of organic phosphate, which
whereas subsoils are often nutrient-depleted [54]. SOM is more accessible to plants compared to soils with low
increases water retention at field capacity, enhances available  organic content [58]. Adequate phosphorus levels promote
water content in sandy soils, and improves air and water flow  early plant growth, hasten maturity, and enhance yield
through fine-textured soils [55]. It serves as a reservoir of potential. Soils with minimal leaching typically retain higher
essential nutrients, including nitrogen, phosphorus, and sulfur, ~ phosphorus concentrations compared to highly leached soils
and supports the growth and activity of soil microorganisms [8]. In practical terms, most agricultural soils with available
[57]. By maintaining soil structure, organic matter also phosphorus above 10 mg/kg are considered suitable for crop
influences infiltration rates, water-holding capacity, and cultivation [59]. Thus, phosphorus management is critical
overall fertility, thus enhancing the agricultural potential of not only for ensuring crop productivity but also for
soils. The presence of adequate SOM ensures nutrient supply,  sustaining soil fertility over time.
improves soil moisture retention, and facilitates optimal plant X
growth, making it indispensable for sustainable land Potassium

management and crop productivity. Potassium, although not a structural component of plant cells

Nitrogen like nitrogen or phosphorus, plays an essential role in

regulating a wide array of physiological processes required for
Nitrogen is one of the most essential macronutrients for plant  plant growth, metabolism, and stress resistance [5]. It
growth, playing a central role in cellular structure, metabolism,  contributes to enzyme activation, protein synthesis,
and photosynthetic activity. Plants readily respond to nitrogen  carbohydrate metabolism, lignin and cellulose formation,
fertilization, typically absorbing it in the form of nitrate (NOs)  photosynthesis, sugar translocation, and maintenance of water
and ammonium (NH,) ions [5]. Nitrogen promotes above-  halance within plants [33]. Potassium is primarily absorbed in
ground vegetative growth, enhances chlorophyll production, its jonic form (K+) and influences plant processes such as cell
and imparts a deep green coloration to leaves, while also being  elongation, stomatal regulation, disease resistance, and

integral to proteins, enzymes, nucleic acids, and energy tolerance to environmental stresses including drought and
transfer mechanisms [58]. The nitrogen cycle, which includes  frost [56].

mineralization, immobilization, and leaching, is predominantly
driven by microbial processes and is intimately linked to soil Surface soils often exhibit higher potassium concentrations
organic carbon levels [59]. due to the application of potassium-rich fertilizers and organic
manures [60]. Potassium fixation occurs in dry soils, where K*
While nitrogen is indispensable for plant growth, excessive  jong become trapped between clay layers, making them less
application of inorganic nitrogen fertilizers can lead to soil  ayajlable to plants; availability typically decreases with soil
acidification, negatively affecting soil health and long-term depth [61]. Adequate potassium ensures rapid plant
sustainability. For example, Jain and Singh, measured total  gevelopment, enhanced tolerance to pathogens and pests, and
nitrogen in soils from Madhya Pradesh, India, and reported improved quality of fruits and grains. Pal reported that
values ranging from 172 + 2.1 t0 193.3 kg ha™ in red and brown  jncreasing potassium availability in kaolinitic soils significantly
soils, 197 + 4.9 to 215 + 21 kg ha™* in black soils, and 183 + 19 kg enhanced winter sorghum grain yield. Muhar et al. categorized
ha in yellow soils [38]. This underscores the importance of  gqjlg based on potassium content, noting that 25% of samples
careful nitrogen management to balance crop productivity ere low (<125 kg ha™), 67.5% medium (125-300 kg ha-'), and
with soil conservation, mitigate environmental risks, and 959 high (>300 kg ha' K,O) [61]. Potassium also interacts
maintain ecosystem health. synergistically with nitrogen, helping to balance plant nutrient
Phosphorus uptake and optimize overall growth.
Phosphorus is an essential macronutrient present in every Sulfur
living plant cell and plays a pivotal role in various physiological
and biochemical processes crucial for plant growth and
development [44]. As a key component of nucleic acids and
energy storage molecules such as ATP, phosphorus facilitates
energy transfer within plants, thereby regulating growth,
respiration, and reproductive processes [56]. It is especially
critical during early plant development, seed germination,
flowering, and fruit formation, and its deficiency often
manifests as purpling of stems and leaves, reduced fruit yield,
and overall stunted growth [13]. Phosphorus also contributes
to maintaining a balanced uptake of other nutrients, ensuring
optimal crop development and productivity. According to
Wagh et al, phosphorus is a major determinant of plant
metabolism and overall soil fertility, influencing processes Because sulfate is negatively charged (an anion), it is not
such as photosynthesis, formation of oils, sugars, starches, and  strongly held by soil particles and can be easily leached,
other biochemical constituents necessary for plant vitality particularly in coarse-textured soils. In the past, sulfur
[34]. deficiencies were relatively rare, largely because atmospheric
emissions from coal- and oil-based industries supplied
substantial amounts of sulfur to agricultural soils. Additionally,
traditional fertilizers such as ordinary superphosphate
contained appreciable quantities of sulfur. However, with the
growing use of high-analysis fertilizers like urea and triple

Sulfur, like potassium, plays a vital role in plant nutrition,
though its behavior in soil differs significantly. In soils, sulfur is
mainly present in the sulfate (SO4%-) form, which is the form
readily available for plant uptake. Elemental sulfur (S) can also
be applied as a fertilizer source; however, it must first be
biologically oxidized into sulfate. This oxidation process is
carried out by bacteria such as Thiobacillus, and it generates
considerable acidity. For this reason, elemental sulfur is
sometimes deliberately applied to lower soil pH. In contrast,
fertilizers that already contain sulfate do not significantly
acidify the soil, although a temporary and slight decline in pH
may occur due to salt effects [62].

The availability of phosphorus in soils varies with topographic
position, organic matter content, and leaching patterns.
Topographically elevated soils tend to have higher available
phosphorus than lower-lying soils, primarily due to differences
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superphosphate, which contain minimal sulfur, sulfur
deficiencies have become increasingly common in many
agricultural systems [17].

Zinc

Globally, zinc (Zn) production is largely derived from ores
rich in zinc sulfide minerals. Although more than 80 zinc-
bearing minerals have been identified, only a limited number
possess commercial significance. The zinc content within
minerals varies considerably, depending on factors such as
zinc concentration in the original magma, characteristics of
the parent rock before metamorphism, and the capacity of
the mineral crystal lattice to incorporate zinc ions [62].
Extractable zinc generally shows positive correlations with
total zinc content, organic matter, clay fraction, and cation
exchange capacity (CEC). Conversely, it is negatively
associated with free calcium carbonate (CaCOs), higher soil
pH, and base saturation. Soil pH plays a particularly critical
role in determining zinc availability: as pH rises, zinc
availability decreases, and vice versa. Research findings
indicate that liming acidic soils can sharply reduce
extractable zinc for example, increasing soil pH from 4.3 to
5.0 significantly lowered available zinc in one study, while
raising pH to 6.1 severely limited zinc supply to forage crops
in another experiment [20].

Zinc availability is also typically lower in organic soils and
in mineral soils containing high levels of organic matter. In
some regions, such as North Carolina, soil test
interpretations for zinc are adjusted according to soil
classification and organic matter content to better predict
plant-available zinc levels [62].

Boron

Boron (B) is naturally present in the earth’s crust mainly as
calcium and sodium borates formed from mineral sources.
The average boron concentration in the earth’s crust is
approximately 10 ppm. Sedimentary rocks typically contain
higher boron levels than igneous rocks, and certain marine
sedimentary formations may contain 500 ppm or more. The
boron content of soils largely reflects the concentration in
the parent material and the extent of weathering processes.
Generally, total boron in soils ranges between 2 and 100 ppm
[14]. Soils developed from acidic igneous rocks, freshwater
sedimentary deposits, and coarse-textured materials with
low organic matter commonly exhibit low boron content. In
contrast, boron concentrations are often greater in surface
soils, where organic matter accumulation is higher. In soils,
boron exists in four principal forms: water-soluble, adsorbed
on soil particles, organically bound, and fixed within clay and
mineral lattices [62].

In coarse-textured soils with low clay and organic matter
content, boron is highly mobile and prone to leaching losses,
which may result in reduced surface concentrations under
such conditions. Soil pH also plays an important role in
regulating boron availability. In general, boron becomes
more available to plants as soil pH decreases, whereas higher
pH levels tend to reduce its availability [18].

Study Limitations

This review highlights the role of soil physico-chemical
properties and nutrient dynamics but has some limitations.
Much of the data are from studies in varied regions and soil

types, which may not fully represent local conditions in
Barishal and Jhalokathi, Bangladesh. Interactions among soil
properties, nutrients, and microbes are complex, and the
focus here is mainly on chemical and physical attributes,
with less emphasis on biological aspects. Some referenced
studies are laboratory-based, which may not reflect field
variability. Limited long-term monitoring and inconsistent
methods also restrict definitive conclusions. Future research
should integrate field-based, long-term studies considering
chemical, physical, and biological soil parameters to better
support sustainable management.

Conclusion

Soil is a resource whose physico-chemical properties pH,
texture, moisture, temperature, EC, and organic matter
govern nutrient availability, microbial activity, and crop
productivity. Conventional reliance on chemical fertilizers
and pesticides may boost short-term yields but can degrade
soil and ecosystems over time. Sustainable practices,
including organic amendments, biofertilizers, biopesticides,
and integrated nutrient management, restore soil health,
balance nutrient dynamics, and support long-term
productivity, environmental sustainability, and global food
security.
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	highest levels of biological productivity, including crop growth and bio-farming activities. Soil profile characteristics, including depth, color, texture, and chemical composition, exhibit distinct variations across different regions, influenced by local environmental and ecological conditions. Soil is a natural body composed of mineral and organic materials, differentiated into horizons that vary systematically in physical, chemical, and biological properties. The mineral composition of soil, the quantity and quality of organic matter it contains, and the surrounding environmental factors are all fundamentally determined by the chemical properties of the soil [6]. Soil depth also varies widely, with differences in morphology, constitution, physical attributes, chemical characteristics, and biological composition relative to the underlying parent material [7]. Soil chemistry encompasses all chemical reactions and processes occurring within the soil that directly impact plant growth, animal development, and human well-being [8]. A comprehensive understanding of soil chemical reactions and the various processes occurring within the soil matrix is indispensable for the development of innovative strategies in resource management, as well as for understanding, predicting, and regulating the behavior of terrestrial ecosystems at both regional and global scales [9]. Soil chemistry governs the availability and transformation of nutrients, the retention of moisture, and the cycling of organic and inorganic compounds, all of which directly influence ecosystem productivity and resilience. The modern conception of soil quality encompasses not only the ability of soil to sustain plant and animal productivity, but also its capacity to enhance water and air quality and contribute positively to plant and animal health [10]. This notion of soil health has continuously evolved over time, driven by increasing insights into the complex interactions among soil chemical, physical, and biological attributes, and their collective influence on overall soil functionality [11]. Recognized as one of the most valuable natural resources of any country, a detailed understanding of soil characteristics is essential for formulating optimal land-use plans aimed at maximizing agricultural productivity while maintaining ecological balance [12]. Agriculture, defined as the art and science of cultivating plants from the soil, remains one of the most economically significant activities for human societies [13].
	Soil fertility constitutes a critical determinant of plant growth and productivity. It depends on the concentration and availability of macronutrients such as nitrogen (N), phosphorus (P), and potassium (K), along with organic and inorganic matter, micronutrients, and soil moisture. In general, deficiencies in these essential nutrients, along with suboptimal chemical fertility, are major contributors to soil degradation and declining productivity [14]. Nutrient deficiency has emerged as a significant constraint to soil productivity, stability, and long-term sustainability [15]. The structural integrity of soil aggregates deteriorates rapidly under repeated cropping of annuals that contribute minimal organic matter, necessitate extensive cultivation, and provide inadequate vegetative cover [16]. Soil nutrient cycling encompassing the addition, transformation, and loss of nutrients is critical to maintaining a balanced composition of organic and inorganic soil constituents. In recent decades, the widespread application of organic and inorganic fertilizers, alongside pesticides, has become a common practice  among  farmers  to  enhance  crop yield and quality.
	The productivity and nutritional quality of crops are strongly dependent on the appropriate use of fertilizers and the availability of micronutrients. Consequently, the condition of soil, as the universal medium for plant growth, plays a pivotal role in supplying essential nutrients to cultivated plants [17]. However, excessive fertilizer application has altered the physico-chemical status of many soils, leading to imbalances that are difficult to manage and potentially harmful to soil health, plant productivity, and human and animal health [18].
	The interaction of various farming practices, environmental factors, and soil characteristics gives rise to the specific properties observed in different soils. Physico-chemical properties vary spatially and temporally due to factors such as topography, climate, weathering processes, vegetation cover, microbial activity, and a range of biotic and abiotic influences [19]. These differences contribute to the formation of distinct soil types, each with unique characteristics that have significant implications for agricultural management and productivity [20]. Land-use changes, particularly the conversion of forested areas to agricultural land, can lead to the deterioration of soil physico-chemical properties, ultimately resulting in infertile or barren soils incapable of supporting normal vegetation growth for extended periods [5,21]. While industrialization and intensified agricultural practices are essential to meet the growing food demands of human populations, it is equally important to ensure environmental sustainability [22]. Ultimately, both food productivity and environmental quality are intimately linked to the physico-chemical properties of soil, underscoring the necessity of developing a thorough understanding of soil characteristics to ensure sustainable agricultural practices and long-term ecosystem health.
	Role of Physico-Chemical Properties in Soil Quality
	pH
	Soil pH represents one of the most critical physical and chemical parameters influencing the overall quality and fertility of soils. It has a profound effect on solute concentration, nutrient availability, and absorption mechanisms within the soil matrix [23]. For farmers and gardeners, monitoring and managing soil pH is essential because different plants and soil organisms exhibit preferences for either acidic or alkaline environments [24]. Soils with a pH below 6 are classified as acidic, those with a pH ranging from 6 to 8.5 are considered neutral or normal, and soils with a pH above 8.5 are categorized as alkaline. In the study conducted by Sumit Kumar et al., the pH of cotton-growing soils was observed to range between 7.5 and 8.4, indicating near-alkaline conditions [25]. Soil pH serves as a reliable indicator of nutrient balance and availability; essential micronutrients such as Fe, Mn, Zn, and Cu are generally more soluble and accessible in acidic soils compared to alkaline soils [26]. Moreover, pH regulation plays a pivotal role in maintaining soil fertility and guiding the application of amendments for soil amelioration [27]. It also reflects the equilibrium among nutrients, cation exchange capacity, organic matter content, and overall soil health [28]. Williams studied the effects of pH on nutrient balance and found that elevated pH levels can significantly reduce the availability of micronutrients in soils, while lower pH enhances their solubility [29]. Typically, soil pH increases with depth, and extreme deviations either highly acidic or highly  alkaline  can impair crop growth due to imbalances in


	JOURNAL OF AGRICULTURE AND LIVESTOCK FARMING 2026, VOL. 3, ISSUE 1
	ionic strength [25]. High soil pH levels are often attributed to the infiltration of alkaline effluents from industries such as cement production, as elevated sodium content contributes to alkalinity [30]. In addition, soil infiltration and water movement are frequently compromised under high-pH conditions. For example, soils in the Vidharbha region of Maharashtra exhibited neutral to moderately alkaline reactions, with pH values ranging from 7.15 to 8.03 [31].
	Electrical Conductivity (EC)
	Electrical conductivity is a rapid, cost-effective, and widely used indicator of soil health, reflecting the concentration of soluble ions present in the soil solution. Higher ion concentrations increase the EC, which is influenced by soil depth, texture, drainage, and rainfall patterns [32]. In upland soils, EC variability tends to be lower, likely due to leaching of alkaline and basic ions facilitated by slope and high permeability. EC correlates closely with soil properties including texture, cation exchange capacity, organic matter, drainage, and salinity [33]. It serves as a practical tool for estimating soluble salt concentrations, assessing soil salinity, and monitoring nutrient availability [34-35]. Putman and Alt also reported that leveling of soils alters the salt concentrations within the root zone [36]. The EC of soils depends on moisture content; soils with higher water content generally show higher conductivity. EC values below 1 dS/m indicate normal soil, values between 1–2 dS/m are critical for seed germination, 2–3 dS/m affect growth of salt-sensitive crops, and values exceeding 3 dS/m are considered severely injurious to crop development [30]. EC thus provides a valuable, integrated measure of soil chemical status and its potential constraints for agricultural productivity.

	Texture
	Soil texture, defined by the relative proportions of sand, silt, and clay particles, plays a fundamental role in determining the physical, chemical, and biological behavior of soil. Texture directly affects water retention, aeration, root penetration, and the overall nutrient dynamics of the soil. Electrical conductivity often reflects soil texture; clayey soils exhibit higher conductivity, while sandy soils are comparatively poor conductors [37]. In different regions, soil textures vary: black soils are typically loamy to clayey, red soils range from silty clay to loamy, and yellow soils often display a loamy clay composition [38]. The textural class of soil influences nutrient availability, water retention, and cation exchange capacity. Sandy soils, characterized by low nutrient content, minimal moisture retention, and low buffering capacity, are highly permeable, making them prone to nutrient leaching and deficiencies [39]. They also contain limited organic matter. Al-Omran demonstrated that the addition of clay deposits to sandy-textured soils enhanced squash crop productivity [40]. Sandy loam soils allow easier root penetration but may not support deep-rooted crops effectively [1]. Conversely, clayey soils retain moisture for longer periods due to low permeability, which can be detrimental for crops intolerant to prolonged wet conditions [41]. The high organic matter content of clay soils, coupled with substantial cation exchange and pH buffering capacities, makes them resilient to water and wind erosion [39]. Clay is also exploited commercially in cosmetic applications, where its color and mineral content determine its  use  in  beauty spas [42]. Loamy  topsoil  overlying  clayey
	subsoil can be highly susceptible to severe degradation if erosion diminishes the depth of the topsoil [1]. Variability in soil texture can influence other soil functions and potential threats, such as erosion, compaction, and waterlogging, thereby impacting overall soil health and productivity [43].

	Soil temperature
	Soil temperature is another key parameter influencing the chemical, physical, and biological processes that underpin plant growth. It fluctuates with seasonal changes, diurnal cycles, and local climatic conditions, with solar radiation being the primary source of heat, supplemented by heat generated through biological and chemical reactions within the soil [44]. Rising soil temperatures accelerate chemical reactions, reduce gas solubility, and can decrease soil pH, thereby affecting nutrient availability and microbial dynamics [45]. Temperature also governs seed germination, biomass accumulation, and microbial activity, directly impacting plant productivity and ecosystem function [46]. Variations in soil temperature are largely driven by energy exchange processes occurring at the soil surface [45]. For example, Bahuguna et al. reported that soil temperatures in Uttarakhand, India, ranged between 38°C and 43°C, reflecting both climatic influences and soil characteristics [47].

	Moisture
	Soil moisture is a key physical property that directly affects nutrient availability and uptake by plants. The water content of soil is closely related to its texture, structure, and organic matter content, and is influenced by factors such as void ratio, particle size, clay mineralogy, and groundwater levels. Soils with higher porosity, such as clay-rich soils, generally hold more water than coarser-textured sandy soils [48]. The capacity of soil to retain water is indicative of its physical condition and fertility, providing essential insights for evaluating regional soil water balance and irrigation management [49-50]. Thakare et al. reported maximum water-holding capacities for red and black soils, highlighting the variability of soil moisture retention across different textural classes [51]. Sandy soils can be rapidly recharged with water but are unable to retain moisture as efficiently as soils with heavier textures [38]. Oseni et al. observed higher soil moisture levels, ranging from 13.81% to 26.27%, in rainforest and plantation soils in Ondo State, Nigeria [52]. These observations highlight the significant spatial variability in soil moisture influenced by climatic conditions, soil texture, and vegetation cover. Soil moisture not only governs the uptake of essential nutrients but also plays a fundamental role in regulating microbial activity, decomposition processes, and overall soil fertility.

	Soil Organic Matter (SOM)
	Soil organic matter is a fundamental property of soils, influencing their physical, chemical, and biological functions. Soils deficient in organic matter are more susceptible to erosion, reduced fertility, and poor water retention, whereas soils rich in organic matter are highly suitable for agricultural practices. Organic matter can be added through animal manures, composts, crop residues, and other organic amendments, enhancing nutrient content and soil structure. Higher organic matter content is associated with reduced soil pH, increased cation exchange capacity, and improved nutrient retention [53].
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	Soil organic matter tends to decrease with depth, as surface layers are richer due to organic inputs and microbial activity, whereas subsoils are often nutrient-depleted [54]. SOM increases water retention at field capacity, enhances available water content in sandy soils, and improves air and water flow through fine-textured soils [55]. It serves as a reservoir of essential nutrients, including nitrogen, phosphorus, and sulfur, and supports the growth and activity of soil microorganisms [57]. By maintaining soil structure, organic matter also influences infiltration rates, water-holding capacity, and overall fertility, thus enhancing the agricultural potential of soils. The presence of adequate SOM ensures nutrient supply, improves soil moisture retention, and facilitates optimal plant growth, making it indispensable for sustainable land management and crop productivity.
	Nitrogen
	Nitrogen is one of the most essential macronutrients for plant growth, playing a central role in cellular structure, metabolism, and photosynthetic activity. Plants readily respond to nitrogen fertilization, typically absorbing it in the form of nitrate (NO₃⁻) and ammonium (NH₄⁺) ions [5]. Nitrogen promotes above-ground vegetative growth, enhances chlorophyll production, and imparts a deep green coloration to leaves, while also being integral to proteins, enzymes, nucleic acids, and energy transfer mechanisms [58]. The nitrogen cycle, which includes mineralization, immobilization, and leaching, is predominantly driven by microbial processes and is intimately linked to soil organic carbon levels [59].
	While nitrogen is indispensable for plant growth, excessive application of inorganic nitrogen fertilizers can lead to soil acidification, negatively affecting soil health and long-term sustainability. For example, Jain and Singh, measured total nitrogen in soils from Madhya Pradesh, India, and reported values ranging from 172 ± 2.1 to 193.3 kg ha⁻¹ in red and brown soils, 197 ± 4.9 to 215 ± 21 kg ha⁻¹ in black soils, and 183 ± 19 kg ha⁻¹ in yellow soils [38]. This underscores the importance of careful nitrogen management to balance crop productivity with soil conservation, mitigate environmental risks, and maintain ecosystem health.

	Phosphorus
	Phosphorus is an essential macronutrient present in every living plant cell and plays a pivotal role in various physiological and biochemical processes crucial for plant growth and development [44]. As a key component of nucleic acids and energy storage molecules such as ATP, phosphorus facilitates energy transfer within plants, thereby regulating growth, respiration, and reproductive processes [56]. It is especially critical during early plant development, seed germination, flowering, and fruit formation, and its deficiency often manifests as purpling of stems and leaves, reduced fruit yield, and overall stunted growth [13]. Phosphorus also contributes to maintaining a balanced uptake of other nutrients, ensuring optimal crop development and productivity. According to Wagh et al., phosphorus is a major determinant of plant metabolism and overall soil fertility, influencing processes such as photosynthesis, formation of oils, sugars, starches, and other biochemical constituents necessary for plant vitality [34].
	The availability of phosphorus in soils varies with topographic position, organic matter content, and leaching patterns. Topographically elevated soils tend to have higher available phosphorus than lower-lying soils, primarily due to differences
	in erosion, runoff, and deposition [56]. Soils rich in organic matter supply greater amounts of organic phosphate, which is more accessible to plants compared to soils with low organic content [58]. Adequate phosphorus levels promote early plant growth, hasten maturity, and enhance yield potential. Soils with minimal leaching typically retain higher phosphorus concentrations compared to highly leached soils [8]. In practical terms, most agricultural soils with available phosphorus above 10 mg/kg are considered suitable for crop cultivation [59]. Thus, phosphorus management is critical not only for ensuring crop productivity but also for sustaining soil fertility over time.

	Potassium
	Potassium, although not a structural component of plant cells like nitrogen or phosphorus, plays an essential role in regulating a wide array of physiological processes required for plant growth, metabolism, and stress resistance [5]. It contributes to enzyme activation, protein synthesis, carbohydrate metabolism, lignin and cellulose formation, photosynthesis, sugar translocation, and maintenance of water balance within plants [33]. Potassium is primarily absorbed in its ionic form (K⁺) and influences plant processes such as cell elongation, stomatal regulation, disease resistance, and tolerance to environmental stresses including drought and frost [56].
	Surface soils often exhibit higher potassium concentrations due to the application of potassium-rich fertilizers and organic manures [60]. Potassium fixation occurs in dry soils, where K⁺ ions become trapped between clay layers, making them less available to plants; availability typically decreases with soil depth [61]. Adequate potassium ensures rapid plant development, enhanced tolerance to pathogens and pests, and improved quality of fruits and grains. Pal reported that increasing potassium availability in kaolinitic soils significantly enhanced winter sorghum grain yield. Muhar et al. categorized soils based on potassium content, noting that 25% of samples were low (<125 kg ha⁻¹), 67.5% medium (125–300 kg ha⁻¹), and 2.5% high (>300 kg ha⁻¹ K₂O) [61]. Potassium also interacts synergistically with nitrogen, helping to balance plant nutrient uptake and optimize overall growth.

	Sulfur
	Sulfur, like potassium, plays a vital role in plant nutrition, though its behavior in soil differs significantly. In soils, sulfur is mainly present in the sulfate (SO₄²⁻) form, which is the form readily available for plant uptake. Elemental sulfur (S) can also be applied as a fertilizer source; however, it must first be biologically oxidized into sulfate. This oxidation process is carried out by bacteria such as Thiobacillus, and it generates considerable acidity. For this reason, elemental sulfur is sometimes deliberately applied to lower soil pH. In contrast, fertilizers that already contain sulfate do not significantly acidify the soil, although a temporary and slight decline in pH may occur due to salt effects [62].
	Because sulfate is negatively charged (an anion), it is not strongly held by soil particles and can be easily leached, particularly in coarse-textured soils. In the past, sulfur deficiencies were relatively rare, largely because atmospheric emissions from coal- and oil-based industries supplied substantial amounts of sulfur to agricultural soils. Additionally, traditional fertilizers such as ordinary superphosphate contained appreciable quantities of sulfur. However, with the growing use of high-analysis fertilizers like urea and triple
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	superphosphate, which contain minimal sulfur, sulfur deficiencies have become increasingly common in many agricultural systems [17].
	Zinc
	Globally, zinc (Zn) production is largely derived from ores rich in zinc sulfide minerals. Although more than 80 zinc-bearing minerals have been identified, only a limited number possess commercial significance. The zinc content within minerals varies considerably, depending on factors such as zinc concentration in the original magma, characteristics of the parent rock before metamorphism, and the capacity of the mineral crystal lattice to incorporate zinc ions [62]. Extractable zinc generally shows positive correlations with total zinc content, organic matter, clay fraction, and cation exchange capacity (CEC). Conversely, it is negatively associated with free calcium carbonate (CaCO₃), higher soil pH, and base saturation. Soil pH plays a particularly critical role in determining zinc availability: as pH rises, zinc availability decreases, and vice versa. Research findings indicate that liming acidic soils can sharply reduce extractable zinc for example, increasing soil pH from 4.3 to 5.0 significantly lowered available zinc in one study, while raising pH to 6.1 severely limited zinc supply to forage crops in another experiment [20].
	Zinc availability is also typically lower in organic soils and in mineral soils containing high levels of organic matter. In some regions, such as North Carolina, soil test interpretations for zinc are adjusted according to soil classification and organic matter content to better predict plant-available zinc levels [62].

	Boron
	Boron (B) is naturally present in the earth’s crust mainly as calcium and sodium borates formed from mineral sources. The average boron concentration in the earth’s crust is approximately 10 ppm. Sedimentary rocks typically contain higher boron levels than igneous rocks, and certain marine sedimentary formations may contain 500 ppm or more. The boron content of soils largely reflects the concentration in the parent material and the extent of weathering processes. Generally, total boron in soils ranges between 2 and 100 ppm [14]. Soils developed from acidic igneous rocks, freshwater sedimentary deposits, and coarse-textured materials with low organic matter commonly exhibit low boron content. In contrast, boron concentrations are often greater in surface soils, where organic matter accumulation is higher. In soils, boron exists in four principal forms: water-soluble, adsorbed on soil particles, organically bound, and fixed within clay and mineral lattices [62].
	In coarse-textured soils with low clay and organic matter content, boron is highly mobile and prone to leaching losses, which may result in reduced surface concentrations under such conditions. Soil pH also plays an important role in regulating boron availability. In general, boron becomes more available to plants as soil pH decreases, whereas higher pH levels tend to reduce its availability [18].

	Study Limitations
	This review highlights the role of soil physico-chemical properties and nutrient dynamics but has some limitations. Much  of  the data  are from studies in varied regions and soil
	types, which may not fully represent local conditions in Barishal and Jhalokathi, Bangladesh. Interactions among soil properties, nutrients, and microbes are complex, and the focus here is mainly on chemical and physical attributes, with less emphasis on biological aspects. Some referenced studies are laboratory-based, which may not reflect field variability. Limited long-term monitoring and inconsistent methods also restrict definitive conclusions. Future research should integrate field-based, long-term studies considering chemical, physical, and biological soil parameters to better support sustainable management.

	Conclusion
	Soil is a resource whose physico-chemical properties pH, texture, moisture, temperature, EC, and organic matter govern nutrient availability, microbial activity, and crop productivity. Conventional reliance on chemical fertilizers and pesticides may boost short-term yields but can degrade soil and ecosystems over time. Sustainable practices, including organic amendments, biofertilizers, biopesticides, and integrated nutrient management, restore soil health, balance nutrient dynamics, and support long-term productivity, environmental sustainability, and global food security.
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