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Abstract: Soil physical properties, which comprise of texture, structure, and porosity, constitute the fundamental framewaork supporting terrestrial life and agricultural
productivity. While historical paradigms prioritized chemical fertility, contemporary research identifies soil physical health as the “master variable” dictating the movement
of air, water, and heat. This review analyses recent literature to evaluate the physiological impacts of texture, structure, and porosity on crop growth and synthesizes key
management practices such as organic amendments and conservation tillage that optimize physical properties for sustainable production. The review highlights that while
soil texture is an intrinsic property setting the productive potential, soil structure and porosity are dynamic and highly responsive to management. Degradation of these
properties through intensive mechanization and ftillage leads to root restrictions, hypoxia, and reduced water infiltration. Furthermore, the review synthesizes key
management practices, including the application of biochar and compost, conservation tillage, and cover cropping that optimize physical properties. Evidence confirms
that these regenerative strategies significantly reduce bulk density, enhance aggregate stability, and restore hydraulic function, ensuring sustainable production in the face

of climate variability.
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INTRODUCTION

Soil is the fundamental medium for terrestrial life,
acting as a reservoir for water and nutrients
essential for crop production. Properties such as
soil texture (the relative proportions of sand, silt,
and clay), structure (the arrangement and
aggregation of soil particles), porosity (pore size
distribution and connectivity), and bulk density (a
proxy for compaction) form the physical foundation
upon which sustainable agricultural production
depends (Pal and Bhattacharya, 2024). While
historical agricultural paradigms largely prioritized
chemical fertility, focusing on macronutrients like
Nitrogen, Phosphorus, and Potassium,
contemporary research has shifted focus toward
soil physical health as the “master variable” of
productivity. According to Smith (2024), soil
physical properties, specifically texture, structure,
and porosity, dictate the mechanical behavior of
the soil profile, regulating the movement of air,
water, and heat. Without a favorable physical
environment, even chemically fertile soils cannot
sustain optimal crop yields.

Recent global assessments indicate that physical
soil degradation, particularly compaction and
crusting, affects approximately 33% of global
arable land (Amoakwah et al., 2020). As climate
change exacerbates rainfall variability, the
capacity of soil to infiltrate and store water has
become a critical determinant of food security.
Consequently, understanding the mechanisms

governing soil physical properties is no longer
optional but a prerequisite for sustainable
agricultural intensification. Soil Physical
Degradation Unlike nutrient deficiencies, which
often manifest as visible chlorosis or necrosis on
leaves, physical degradation is often invisible until
it reaches a catastrophic tipping point. The primary
drivers of this degradation are intensive
mechanization and monoculture. Nawaz et al.
(2024) identify soil compaction as the most
pervasive  physical constraint in  modern
agriculture. The increasing weight of tractors and
harvesters often exceeding 10 tons compresses soil
pores, destroying the macropores necessary for
drainage and root respiration.

This degradation creates a hostile rhizosphere
environment. When soil porosity drops below
critical thresholds, gas exchange is impeded,
leading to hypoxia (oxygen deficiency). Under
these anaerobic conditions, root respiration halts,
and beneficial aerobic microbes go dormant,
significantly reducing the mineralization of organic
matter (Choudhary et al., 2024). The importance of
soil physical properties is further amplified by
climate change. With rainfall patterns becoming
more erratic, the soil's capacity to capture and
store water known as Water Use Efficiency (WUE)
has become a determinant of crop survival. Kumar
and Singh (2025) highlight that soils with optimal
structure and porosity act as a buffer against
climate extremes, absorbing water during heavy
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downpours (reducing flood risk) and retaining
moisture during droughts. Conversely, physically
degraded soils with poor infiltration rates suffer
from “physiological drought,” where water runs off
the surface rather than recharging the root zone,
leading to crop failure even in years with average
total rainfall.

Problem Statement

Despite the critical importance of soil physical

integrity, modern intensification practices have led

to widespread degradation. The increasing weight
of agricultural machinery has resulted in subsoil
compaction, which Nawaz et al. (2024) identify as

a silent yield-killer, reducing root exploration

volume and inducing hypoxia in the rhizosphere.

Furthermore, intensive tillage operations have

accelerated the oxidation of Soil Organic Carbon

(SOC), leading to the collapse of soil aggregates

and surface sealing. Current literature suggests

that managing these physical constraints is often
more complex and time-consuming than correcting
chemical deficiencies, creating a significant gap in
practical agricultural management (Choudhary et

al., 2024).

@ Objectives of the Review

This seminar aims to critically review recent

literature (2020-2025) regarding the influence of

soil physical properties on agricultural productivity.

Specifically, it seeks to:

1. Evaluate the physiological impacts of texture,
structure, and porosity on crop growth.

2. Synthesize key management practices such as
organic amendments and conservation tillage
that optimize physical properties for sustainable
production.

INFLUENCE OF SOIL PHYSICAL PROPERTIES ON
PRODUCTIVITY
Soil Texture: The Foundation of Fertility
Soil texture is widely regarded in agricultural
engineering and soil science as the most
fundamental physical property, effectively serving
as the immutable “fingerprint” of the soil profile.
Defined by the relative percentage distribution of
three primary mineral particles; sand (2.0-0.05
mm), silt (0.05-0.002 mm), and clay (<0.002 mm)
texture remains constant over human timescales
and is derived directly from the parent material
and weathering processes. Unlike soil structure or
organic matter content, which can be modified
through tillage or amendments, texture is an
intrinsic property that cannot be easily altered in
the short term. However, it dictates the “potential
ceiling” of a soil’s productivity by governing the
essential retention and transport of water,
nutrients, and heat. To understand the productive
capacity of any land, one must first locate its
position on the USDA Soil Textural Triangle, as this
classification determines the baseline management
strategy required for that specific site.
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The influence of texture on agricultural
productivity is primarily a function of specific
surface area (SSA), which varies drastically across
particle sizes. A single gram of colloidal clay can
possess a surface area of up to 800 square meters,
whereas a gram of coarse sand often has a surface
area of less than 0.1 square meters.

Wang et al. (2025) emphasize that this surface area
is the site of all chemical activity in the soil,
dictating the Cation Exchange Capacity (CEC). Clay
particles are not merely small rocks; they are
secondary minerals that carry a net negative
electrostatic charge, allowing them to adsorb and
hold positively charged nutrient ions such as
Calcium, Magnesium, and Potassium. This capacity
acts as a nutrient “warehouse,” preventing fertility
from being washed away during rainfall.
Consequently, soils with a higher clay fraction
generally have a higher inherent fertility potential.
In contrast, sandy soils consist mostly of primary
minerals like quartz which are chemically inert.
Recent data suggests that in coarse-textured soils
lacking this electrochemical “warehouse,” up to
40% of applied nitrogen fertilizers can be lost via
leaching because the soil matrix lacks the physical
and chemical sites to retain dissolved ions (Smith,
2024).
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Figure 1. Soil texture chart
Beyond chemical reactivity, texture exerts a
dominant control over hydraulic dynamics,
specifically the trade-off between aeration and
moisture retention. This relationship is governed by
the size of the pores created by the packing of soil
particles. Sandy soils are dominated by
macropores, which allow for rapid hydraulic
conductivity and excellent aeration, ensuring roots
receive adequate oxygen for respiration. However,
these large pores possess poor capillary action,
leading to rapid drainage and low water holding
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capacity. Conversely, clay soils are dominated by
micropores, which hold water tightly against
gravity. While this suggests clay soils are more
drought-resistant, they present a unique challenge
known as the “clay paradox.” Although clay soils
hold the most total volume of water, a significant
portion of it is held at matric potentials exceeding
1500 kPa the permanent wilting point making it
physically inaccessible to plant roots (Kumar &
Singh, 2025). Therefore, a heavy clay soil might
contain significant moisture yet still cause
physiological drought because the water is bound
too tightly to the particle surfaces.

Recent studies indicate that texture heavily
interacts with irrigation efficiency and crop water
use. Kumar and Singh (2025) found that medium-
textured soils, such as loams and silt loams,
naturally maximize agricultural productivity
because they possess a balanced pore size
distribution. These soils contain enough micropores
to retain plant-available water during dry spells
but enough macropores to drain excess water,
preventing root hypoxia. This balance reduces the
frequency of irrigation required compared to sandy
soils and reduces the risk of waterlogging common
in clay soils. Furthermore, texture influences the
mechanical environment of the rhizosphere. In
high-clay soils, particularly Vertisols, the soil
strength increases drastically as it dries. As clay
platelets shrink and harden, they can create
mechanical impedance that restricts root
elongation and exploration volume. In severe
cases, the shrinking and swelling cycles of clay
during wetting and drying can shear root hairs,
reducing the crop’s ability to uptake water by 15-
20% (Wang et al., 2025).

While texture is a fixed property, understanding it
allows for the optimization of management
practices to sustain productivity. For coarse-
textured sandy soils, the primary limitation is
water and nutrient retention; therefore,
management must focus on the addition of organic
amendments. The application of biochar or
compost in these soils acts as a surrogate for clay,
providing the necessary surface area to hold water
and nutrients. For fine-textured clay soils, the
limitation is often aeration and drainage; thus,
management must prioritize the maintenance of
soil structure through reduced tillage and cover
cropping to prevent compaction and surface
sealing. Ultimately, while farmers cannot change
the texture of their soil, referencing these textural
properties is the first step in designing a cropping
system that aligns with the land's physical
capabilities rather than fighting against them.

Soil Structure: The Architecture of Yield
While soil texture is an immutable property
inherited from parent material, soil structure is
defined as the arrangement of primary soil

particles (sand, silt, and clay) into secondary units
called aggregates or “peds”, it is dynamic and
highly responsive to agricultural management. If
texture represents the raw construction materials
of the soil, structure represents the architectural
design that determines how habitable that
environment is for biological life. A well-structured
soil is not a solid block but a porous medium
characterized by stable, crumb-like aggregates.
These aggregates are essential because they create
a complex network of voids, dividing the soil
volume into macropores, which facilitate rapid
drainage and aeration, and micropores, which
retain moisture against gravity. This structural
arrangement is the primary determinant of “soil
tilth,” influencing everything from root penetration
ease to the diffusion rate of oxygen required for
metabolic processes (Smith, 2024).

The formation of this architecture is a biological
process as much as a physical one. According to
Haider et al. (2024), the genesis of water-stable
aggregates is mediated by biological “glues” and
physical enmeshment. In healthy soils, plant roots
and fungal hyphae weave soil particles together,
acting like the rebar in reinforced concrete.
Specifically, arbuscular mycorrhizal fungi (AMF)
produce a sticky glycoprotein called glomalin,
which cements micro-aggregates into larger, stable
macro-aggregates. This biological cementing is
crucial because it coats the particles in
hydrophobic organic matter, preventing them from
slaking or dissolving instantly when wetted by rain.
Thus, the productivity of a soil is inextricably
linked to its biological activity; a decline in soil
biodiversity almost invariably leads to a collapse in
soil structure, reducing the soil to a massive,
consolidated state that cannot support vigorous
growth (Haider et al., 2024).

However, because soil structure is dynamic, it is
also fragile and susceptible to rapid degradation
through mechanical and environmental stress. The
degradation of soil structure has severe, cascading
implications for agricultural productivity, primarily
through the mechanisms of surface sealing and
compaction. When the protective organic glues are
lost due to oxidation from excessive tillage, or
when the physical force of heavy machinery
crushes the aggregates, the soil loses its porosity. A
critical failure point occurs at the soil surface;
when raindrops strike bare, poorly structured soil,
the energy disperses the soil particles. These fine
particles then settle into and clog the surface
pores, forming a thin, impermeable layer known as
a surface crust (Nawaz et al., 2024). This physical
barrier can be devastating for crop establishment,
as it physically prevents seedling emergence and
drastically reduces water infiltration rates. Instead
of soaking into the root zone, rainfall becomes
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runoff, carrying away topsoil and nutrients while
leaving the subsoil dry.

Beyond the surface, the collapse of structure leads
to internal densification, often manifesting as
“platy” or “massive” structure where no visible
pores exist. Research by Amoakwah et al. (2020)
highlights that this structural degradation increases
the mechanical impedance (resistance) of the soil
profile. Roots must exert physical force to push
through the soil matrix; in well-aggregated soil,
roots grow through the path of least resistance (the
pores), but in degraded soil, they must physically
displace the earth. This forces the crop to alter its
carbon allocation strategy, expending excessive
metabolic energy on root penetration rather than
on shoot growth or grain filling. Amoakwah et al.
(2020) describe this scenario as a “physiological
drought.” Even if the soil contains water, the high
bulk density and lack of pore connectivity mean
the roots cannot expand rapidly enough to access
it. The roots become stunted and thick, confined
to a shallow volume of soil, rendering the crop
highly vulnerable to even short periods of dry
weather.

Furthermore, the loss of structure disrupts the
essential gas exchange required for nutrient
uptake. Active transport of nutrients (like Nitrate
and Phosphate) across the root membrane is an
energy-intensive process that requires oxygen. In
massive, structureless soils, the continuity of air-
filled pores is broken, trapping carbon dioxide and
preventing oxygen ingress. This creates anaerobic
microsites where roots suffocate and beneficial
microbial processes stall (Choudhary et al., 2024).
Consequently, maintaining soil structure is not
merely about physical support; it is about
maintaining the circulatory system of the soil.
Current literature suggests that while farmers
cannot change their soil texture, the preservation
of soil structure through reduced tillage and
organic amendments is the single most effective
leverage point for closing the yield gap in modern
agriculture.

& Porosity and Bulk Density: The Volumetric
Indicators of Soil Health

While soil texture provides the mineral baseline
and  structure describes the architectural
arrangement, Porosity and Bulk Density act as the
quantitative indicators of the soil's physical
condition, providing a direct measurement of the
space available for life. Porosity refers to the
percentage of soil volume occupied by void spaces
(pores), while Bulk Density (BD) is defined as the
mass of dry soil per unit of total volume (typically
expressed in g/cm3) (Wang et al., 2025). These two
parameters are inversely related; as bulk density
increases due to compaction or structural collapse,
total porosity decreases (Smith, 2024). In the
context of agricultural productivity, they are
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critical because plant roots do not grow in the solid
phase of the soil; they proliferate exclusively
within the pore space. Therefore, the volume and
continuity of these pores dictate the “habitable
volume” of the soil profile.

However, recent literature emphasizes that Total
Porosity is often a misleading metric if analyzed in
isolation. A heavy clay soil may have high total
porosity (up to 60%) but still be unproductive due
to waterlogging. The critical factor for productivity
is the Pore Size Distribution which is the ratio
between macropores and micropores. Macropores
(diameter > 75 pm) are responsible for rapid
drainage and aeration, serving as the “lungs” of
the soil that facilitate gas exchange (Nawaz et al.,
2024). Micropores, conversely, are responsible for
capillary water retention (Kumar & Singh, 2025).
According to Kumar and Singh (2025), a productive
agricultural soil requires a balanced distribution
where macropores constitute at least 10-15% of the
soil volume to ensure adequate Air-Filled Porosity
(AFP). When AFP drops below 10%, gas diffusion
rates become insufficient to support root
respiration, leading to immediate yield declines
even if nutrients and water are abundant.

The measurement of bulk density serves as the
primary diagnostic tool for assessing this pore
distribution and identifying soil compaction. For
most agronomic crops, the ideal bulk density
ranges from 1.1 to 1.4 g/cm?3 for silt and clay soils,
and slightly higher (up to 1.6 g/cm?3) for sandy soils
due to their lower total porosity. Nawaz et al.
(2024) identify specific “critical thresholds”
beyond which root growth is severely restricted.
When bulk density exceeds 1.6 g/cm?® in fine-
textured soils, the mechanical resistance becomes
too great for roots to penetrate (Nawaz et al.,
2024). This condition, often induced by the traffic
of heavy agricultural machinery (tractors,
harvesters) on wet soils, results in “root
flattening.” Instead of exploring the deep subsoil
for moisture, roots are confined to the surface
layer, making the crop hypersensitive to drought
and nutrient deficiencies.

The physiological impact of high bulk density
extends beyond simple mechanical resistance; it
fundamentally alters the soil's chemical
environment through hypoxia (oxygen starvation).
As compaction destroys macropores, the soil loses
its ability to drain excess water, creating anaerobic
conditions (Choudhary et al., 2024). Choudhary et
al. (2024) highlight that under these conditions,
the metabolic activity of roots shifts from aerobic
respiration to fermentation, which produces toxic
byproducts like ethanol and generates significantly
less energy (ATP) for nutrient uptake.
Furthermore, this anaerobic environment changes
the microbial community dynamics. Beneficial
aerobic bacteria go dormant, while anaerobic
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bacteria proliferate, leading to denitrification
which is a process where plant-available nitrate is
converted into nitrogen gas and lost to the
atmosphere. Thus, high bulk density acts as a
double-edged sword: it physically restricts roots
from reaching nutrients while simultaneously
causing the chemical loss of nitrogen reserves.
Current research also links surface bulk density to
hydrological dysfunction. When the surface layer is
compacted (crusting), the infiltration rate drops
precipitously (Amoakwah et al., 2020). Amoakwah
et al. (2020) note that this disconnects the subsoil
from rainfall events; even during heavy rains, the
water cannot penetrate the densified surface layer
fast enough to recharge the profile, leading to
runoff and erosion (Smith, 2024). This creates a
paradoxical situation often observed in degraded
fields: the crop exhibits signs of water stress
(wilting) while standing in a field that has recently
received rain, simply because the effective
porosity was insufficient to capture the
precipitation. Consequently, managing bulk density
through practices like deep ripping, cover cropping
(bio-drilling), and controlled traffic farming is
identified in recent reviews as essential for
maintaining the hydraulic and respiratory function
of the soil ecosystem.
MANAGEMENT PRACTICES FOR OPTIMIZATION
Organic Amendments: Biochar
Compost
The application of organic amendments is the most
universally cited strategy for ameliorating poor soil
physical properties.

— Biochar
Recent investigations into biochar application
reveal its dual role in physics and chemistry.
Haider et al. (2024) demonstrated that biochar,
due to its highly porous internal structure,
functions as a low-density “skeleton” that
significantly lowers bulk density and increases
specific surface area upon incorporation. This
physical alteration is not merely an additive effect
but a structural reconfiguration of the soil matrix.
Because biochar particles possess a particle density
(approx. 1.5-1.7 g/cm?3) significantly lower than
that of mineral soil particles (2.65 g/cm?3), their
mixing into the topsoil creates an immediate
“dilution effect,” reducing the overall bulk density
and combating the compaction issues associated
with mechanized agriculture (Zhang, 2024).
The hydraulic impact of biochar is highly texture-
dependent, acting as a corrective mechanism for
the specific limitations of different soil types. In
coarse-textured sandy soils, Haider et al. (2024)
describe biochar as acting like a “sponge.” Its vast
internal surface area and  microporosity
dramatically increase the Water Holding Capacity
(WHC) and Plant Available Water (PAW). Acharya et
al. (2024) further elaborate on this, noting that in

and

Tome XIX[2026] | Fascicule 2 [April - June]

biochar amendments can

sandy soils, increase
water retention by up to 22%, effectively bridging
the gap between rainfall events and reducing the
irrigation frequency required for crops like maize
and wheat. The biochar particles lodge between
coarse sand grains, creating new micropores that
hold water against gravity which would otherwise
drain rapidly away. This mechanism is critical for
maintaining turgor pressure in crops during short-
term dry spells, a scenario becoming increasingly
common due to climate variability.

CATION EXCHANGE CAPACITY
PaN (CEC)
— 100 meq/100g
90 meq/100g

50 meq/100g

30 meg/100g

CATION EXCHANGE CAPACITY
(CEC)

MANURE COMPOST BIOCHAR

SOIL AMENDMENTS

Figure 2: Biochar vs compost and manure

Conversely, in heavy clay soils, the physical role of
biochar shifts from water retention to aeration and
drainage facilitation. The rigid, recalcitrant nature
of biochar particles physically disrupts the massive,
cohesive structure of clay. By preventing clay
platelets from packing too tightly, biochar creates
permanent macropores that improve hydraulic
conductivity and oxygen diffusion. Adekiya et al.
(2024) highlight that this “structural propping”
prevents the sealing of the soil surface during
heavy rains, thereby reducing runoff and enhancing
infiltration rates. Furthermore, the porous surface
of biochar serves as a preferred habitat for soil
microorganisms. The colonization of biochar pores
by bacteria and fungi stimulates the production of
extracellular polysaccharides (biological glues),
which further promotes the formation of water-
stable aggregates (Acharya et al., 2024). Thus,
biochar does not just physically separate particles;
it catalyzes the biological processes that build
long-term soil structure.

However, the efficacy of biochar as a physical
conditioner is contingent upon application rate and
feedstock type. Recent reviews suggest that to
achieve significant changes in physical properties
like bulk density, higher application rates (often
exceeding 10-20 t/ha) are required compared to
the lower rates needed for chemical nutrient
responses (Haider et al., 2024). While this presents
a logistical and economic challenge, the
persistence of biochar in the soil often remaining
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stable for centuries means that these physical
improvements are a one-time capital investment
rather than a recurring annual cost. Consequently,
integrating biochar into soil management plans is
increasingly viewed as a permanent engineering
solution to physical degradation, capable of
restoring the “habitable volume” of the soil for
root growth and optimizing the air-water balance
essential for high-yield agriculture.
— Manure and Compost:
Engines of Aggregation

While biochar offers a recalcitrant physical
skeleton for the soil, the application of manure and
compost functions as the metabolic fuel that drives
the biological restoration of soil structure. This
strategy relies on the continuous supply of active
organic matter to stimulate the microbial processes
governing aggregation. As Smith (2024) notes,
regular additions of compost increase Soil Organic
Matter (SOM), which lowers the particle density of
the soil matrix and stimulates microbial activity.
This reduction in density is not merely physical
dilution; it is a biological transformation. As
microbes decompose the fresh organic matter
found in manure, they secrete extracellular
polymeric substances (EPS) which are specifically
sticky polysaccharides and glomalin that act as
“biological glues.” These exudates bind individual
soil particles into water-stable aggregates, thereby
increasing the soil's resistance to erosion and
compaction (Zhang et al., 2024).

Recent quantitative studies from 2024 and 2025
have provided robust evidence of these physical
improvements. A pivotal study by Nengi-Benwari
and Abah (2025) on the impact of compost levels
demonstrated a dramatic shift in soil physical
benchmarks. Their research found that before
treatment, the test soils had a moderate porosity
of 40.6%. However, following the integration of
compost, total porosity increased to 60.6%,
creating a highly aerated root zone. Furthermore,
the study highlighted that this structural opening
significantly improved moisture retention, with soil
moisture content rising from 18% to 27.5% in the
compost-amended plots. This evidence confirms
that compost does not just add nutrients; it
fundamentally re-engineers the pore space,
converting a dense, suffocating matrix into a
sponge-like medium capable of sustaining crops
through drought periods.

The physical efficacy of these amendments is
further supported by Dantani et al. (2024), who
investigated the role of organic inputs in alleviating
soil compaction. Their field trials revealed that the
application of composted manure significantly
reduced soil bulk density by up to 27% within just
four weeks of application compared to control
plots. This rapid reduction is attributed to the
“swelling” effect of organic matter, which

The Biological
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physically pushes mineral particles apart, and the
stimulation of earthworm activity, which creates
macropores  through  burrowing. The study
emphasized that while inorganic fertilizers (NPK)
provided immediate chemical nutrients, they often
resulted in higher bulk density over time due to the
lack of carbon input needed to sustain the
structural architecture.

Moreover, the source of the manure plays a
nuanced role in these physical alterations. Adekiya
et al. (2024) noted that poultry manure, due to its
high nitrogen and calcium content, accelerates
microbial decomposition rates, leading to faster
initial aggregation compared to cattle manure.
However, the structural benefits of composted
cattle manure tend to be more persistent due to its
higher lignin content. This “legacy effect” means
that the physical improvements from a single heavy
application of manure can persist for multiple
growing seasons. Consequently, recent literature
advises shifting from a “waste disposal” mindset to
a “carbon fertilization” strategy, where manure is
applied specifically to target physical constraints
like surface crusting and plow pans, rather than
solely for NPK replacement (Smith, 2024; Nengi-
Benwari & Abah, 2025).

Conservation Tillage and No-Till Systems:
Restoring Physical Integrity

The paradigm shift from conventional to
conservation agriculture represents the most
significant structural intervention in modern soil
management. Conventional tillage, characterized
by the inversion of the soil using moldboard plows
and heavy harrowing, has long been associated
with the systematic destruction of soil structure.
The sheer force of plowshares mechanically
pulverizes the soil, breaking down macro-
aggregates into unstable micro-aggregates and
dust. This physical disruption exposes protected
Soil Organic Carbon (SOC) to rapid oxidation by
atmospheric oxygen. As the binding agents
(glomalin and polysaccharides) are mineralized,
the soil loses its cohesive strength, leading to the
collapse of pore spaces. Page et al. (2024) describe
this process as “structural homogenization,” where
the complex, biologically built architecture of the
soil is reduced to a uniform, unconsolidated mass
that is highly susceptible to wind and water
erosion.

In stark contrast, conservation tillage (minimum
tillage) and no-till systems prioritize the
maintenance of physical integrity by minimizing
soil disturbance. This approach relies on biological
processes rather than mechanical force to loosen
the soil. According to Choudhary et al. (2024), the
primary physical benefit of no-till systems is the
preservation of the continuity of “biopores”
vertical channels created by decayed root systems
and earthworm burrowing. In tilled soils, these
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channels are severed annually, forcing water and
roots to find new paths through a disturbed matrix.
However, in no-till environments, these biopores
remain intact year after year, forming a
permanent, high-speed transportation network for
water and air. Nawaz et al. (2024) emphasize that
these continuous macropores allow for deep water
percolation rates that are 2-3 times faster than in
conventionally tilled soils, significantly reducing
surface runoff during high-intensity rainfall events.
A critical distinction identified in recent literature
is the difference between total porosity and pore
connectivity.

Long-term trials cited by Wang et al. (2025)
indicate that conventionally tilled soils often
exhibit higher total porosity immediately after
plowing due to the mechanical fluffing of the soil.
However, this is a temporary and unstable state;
these artificial pores quickly collapse under
rainfall, leading to surface sealing. Conversely,
while no-till may result in slightly higher surface
bulk density initially (a transition phase often
lasting 3-5 years), the improvement in pore
connectivity leads to  superior hydraulic
conductivity and yield stability over time.

The soil develops a “sponge-like” resilience where
the solid particles are denser, but the flow
pathways are more efficient. Wang et al. (2025)
conclude that this stable bulk density is actually
beneficial, as it improves the soil's load-bearing
capacity, allowing machinery to pass without
causing deep subsoil compaction compared to
fluffy, tilled soils.

Furthermore, the cessation of tillage acts as a
catalyst for the “biological plow.” Busari and Shao
(2024) conducted extensive reviews on the
interaction between tillage intensity and soil
fauna. Their findings confirm that no-till systems
support earthworm populations up to five times
higher than tilled systems. These earthworms
effectively replace the mechanical plow; as they
ingest soil and organic residues, they excrete cast
material that is higher in available nutrients and
structural stability than the surrounding soil. The
burrows left behind (biopores) are lined with
mucus, which stabilizes the channel walls and
prevents them from collapsing. This biological
drilling penetrates hardpans that mechanical roots
often cannot, effectively increasing the effective
rooting depth of the crop.

Finally, the impact of tillage systems on soil
temperature and moisture conservation cannot be
overstated. Conservation tillage invariably involves
leaving crop residues on the soil surface
(mulching). Smith (2024) notes that this physical
covering intercepts solar radiation, keeping the soil
temperature 2-5°C cooler in tropical climates,
which reduces evaporation rates and protects
shallow roots from heat stress. This interaction
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between the physical barrier of the mulch and the
preserved structure of the soil creates a
microclimate that buffers the crop against the
erratic weather patterns associated with climate
change. Thus, the adoption of no-till is not merely
a cost-saving measure regarding fuel; it is a
fundamental restructuring of the soil physics to
favor hydraulic continuity and biological aeration
over mechanical porosity.

Cover Cropping and Biological Tillage:

The integration of cover crops into rotation
systems represents a biological engineering
approach to managing soil physics, a concept
increasingly termed “bio-drilling” in recent
agricultural literature. Unlike mechanical tillage,
which shatters soil structure to temporarily
decrease bulk density, biological tillage utilizes the
vigorous root systems of specific crop species to
physically penetrate and restructure the soil profile
without destroying the existing aggregate stability.
This strategy is particularly effective in addressing
subsoil compaction on the “plow pan”which
mechanical implements often fail to reach or
inadvertently worsen. Crops with aggressive,
thickened taproots, such as tillage radish
(Raphanus sativus), forage brassicas, and cereal
rye, are selected specifically for their ability to
exert high axial pressure, capable of penetrating
soil layers with bulk densities exceeding 1.7 g/cm3,
a threshold where the roots of conventional cash
crops like maize or wheat would typically deflect
or stunt.

Recent research by Chen and Liu (2024) elucidates
the mechanics of this process. They observed that
as the taproots of brassica cover crops expand
radially, they compress the soil immediately
adjacent to the root, but simultaneously create
deep, vertical fractures in the surrounding soil
matrix. This action effectively “cracks” the
hardpan. However, the true physical benefit is
realized during the decomposition phase. When the
cover crop is terminated (either chemically or via
winter kill), the fleshy roots decompose rapidly.
Kumar and Singh (2025) highlight that this
decomposition leaves behind large, continuous
macropores that extend from the soil surface deep
into the subsoil. These “root channels” serve as
low-resistance pathways for the subsequent cash
crop. Instead of expending metabolic energy
fighting against soil impedance, the roots of the
following maize or soybean crop preferentially
grow down these pre-drilled channels, accessing
deep soil moisture and nutrients that would
otherwise be physically unreachable.

The hydrological implications of this bio-drilling are
profound. Haruna et al. (2024) conducted
comparative studies on water infiltration rates in
cover-cropped versus fallow fields. Their findings
demonstrated that the presence of intact root
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channels increased saturated hydraulic
conductivity by approximately 35-50%. During
intense rainfall events, these channels act as
bypass flow pathways, allowing water to move
rapidly through the profile rather than pooling on
the surface. This creates a dual benefit: it
significantly reduces sheet erosion caused by runoff
and ensures that the subsoil moisture reserves are
recharged for the growing season. This function is
critical in the context of climate resilience; Haruna
et al. (2024) noted that fields with established bio-
pores showed significantly less drought stress
during mid-summer dry spells compared to
mechanically tilled control plots.

Beyond the macro-physical restructuring, cover
crops actively modify the  micro-physical
environment through the “rhizosphere effect.” The
constant presence of living roots ensures the
continuous exudation of organic compounds such as
sugars, amino acids, and mucilage into the soil.
Smith  (2024) describes this zone as the
“rhizosheath,” a region where soil particles are
bound to the root surface by mucilage and fungal
hyphae. This biological glue is fundamental to
micro-aggregate formation. Unlike fallow fields,
where the soil microbiome enters a starvation state
over winter, cover-cropped fields maintain an
active microbial community responsible for
synthesizing the polysaccharides that stabilize soil
structure. This biological armoring protects the soil
aggregates from slaking during spring rains.
Furthermore, the above-ground biomass of the
cover crop plays a crucial physical role in
momentum absorption. Alvarez and Stein (2025)
emphasize that the canopy of a cover crop
intercepts the kinetic energy of falling raindrops.
In bare soil systems, a single raindrop hitting the
surface acts like a miniature bomb, exploding soil
aggregates and causing surface sealing (crusting).
By dissipating this energy, the cover crop canopy
prevents the formation of surface crusts, thereby
maintaining the surface porosity required for gas
exchange.

The residue left behind after termination acts as a
physical mulch, moderating soil temperature and
reducing evaporative water loss. Thus, recent
literature concludes that bio-drilling is not merely
about making holes in the ground; it is a holistic
strategy that integrates mechanical penetration,
hydraulic connectivity, and biological stabilization
to restore the physical “vitality” of degraded
agricultural soils (Kumar & Singh, 2025; Chen & Liu,
2024).

CONCLUSION

The conclusion of this study offers significant
advantages by firmly establishing that soil physical
properties such as texture, structure, and porosity
are foundational to agricultural productivity,

thereby shifting the prevailing focus beyond mere
chemical fertility.
It successfully validates the efficacy of
regenerative management strategies, such as
biochar application, no-till systems, and cover
cropping, confirming their ability to reduce bulk
density, enhance aggregation, and restore
hydraulic function.
However, the study highlights a critical limitation
regarding the current state of agriculture, noting
that the degradation of these physical properties
through compaction and structural collapse
continues to represent a significant threat to global
food security.
Furthermore, the realization of sustainable
productivity is constrained by the necessity for the
“widespread adoption” of these practices, implying
that current implementation levels are insufficient
to meet future demands. In terms of practical
application, these findings serve as a directive for
rebuilding the physical “architecture” of soils,
suggesting that farmers and policy-makers must
integrate these specific biological and mechanical
strategies to ensure plants can efficiently access
water and nutrients in a changing climate.
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