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ABSTRACT

Background: Conservation tillage practices, including no-tillage (NT) and reduced tillage (RT), have been widely advocated as
viable management strategies to mitigate atmospheric carbon dioxide (CO:) emissions by enhancing soil organic carbon (SOC)
sequestration. However, the mechanisms governing the stabilization of sequestered carbon across diverse pedoclimatic zones
remain incompletely understood and continue to be debated.

Objective: This critical review aims to comprehensively evaluate the physical, chemical, and biological mechanisms responsible
for soil carbon stabilization under conservation tillage systems. It also seeks to identify methodological limitations, reconcile
conflicting findings, and highlight key geographic and research gaps in the current literature.

Methods: A systematic evidence synthesis was conducted using studies published between 2015 and 2025 retrieved from the
Scopus, Web of Science, and ScienceDirect databases. The review critically assessed interactions among soil aggregate
dynamics, mineral-associated organic matter (MAOM), particulate organic matter (POM), and microbial metabolic efficiency.
It also evaluated analytical methodologies used to investigate soil carbon stabilization.

Results: The analysis indicates that NT substantially enhances physical protection of SOC through macroaggregate occlusion
in topsoil (0-15 cm). However, it often results in depth-stratification, with reduced carbon storage in subsoil layers (>30 cm)
compared with conventional tillage (CT). The review identifies important methodological shortcomings of conventional wet-
sieving techniques and emphasizes the advantages of advanced non-destructive imaging technologies, including X-ray computed
tomography and synchrotron-based spectroscopy. Additionally, conflicting evidence regarding MAOM saturation capacity and
shifts in fungal-to-bacterial ratios was critically examined. Geographic assessment revealed a strong research bias toward
temperate alfisols, with tropical oxisols remaining significantly underrepresented.

Conclusion: Although conservation tillage improves SOC stabilization in surface soils, its long-term effectiveness is constrained
by subsoil carbon dynamics, methodological inconsistencies, and regional research imbalances. Future research should integrate
molecular-scale biogeochemical analyses with ecosystem-scale modeling and employ advanced imaging technologies to
improve understanding of SOC stabilization and strengthen climate change mitigation strategies.

Keywords: Soil Organic Carbon; Conservation Tillage; Physical Occlusion; Mineral-Associated Organic Matter; Particulate
Organic Matter; Microbial Carbon Use Efficiency

1. Introduction

The global agricultural sector faces the dual challenge of ensuring food security for a growing population while mitigating the
accelerating impacts of global climate change. Soil organic carbon (SOC) represents the largest terrestrial carbon reservoir,
storing approximately 1,500 to 2,400 gigatons of carbon in the upper meter of the soil profile—more than the atmospheric and
biotic pools combined. Consequently, minor shifts in the balance between soil carbon inputs and outputs can exert profound
feedbacks on the global climate system. Over the past century, intensive conventional tillage (CT) practices involving moldboard
plowing have accelerated the degradation of soil structure, disrupted aggregate integrity, and exposed previously protected
organic matter to microbial decomposition, resulting in widespread losses of global agricultural SOC stocks.

In response to these environmental challenges, conservation tillage practices—principally no-tillage (NT) and reduced tillage
(RT)—have emerged as cornerstone strategies within the framework of climate-smart agriculture. By minimizing mechanical
soil disturbance and retaining crop residues on the soil surface, conservation tillage alters the physical microenvironment,
moisture dynamics, and thermal regimes of the soil profile. While early agronomic literature widely celebrated conservation
tillage as a universal panacea for carbon sequestration, contemporary biogeochemical research presents a more nuanced and
sometimes contradictory landscape. Emerging evidence indicates that the capacity of conservation tillage to stabilize carbon is
highly non-linear, finite, and strongly conditioned by soil texture, mineralogical composition, climate, and depth.

A major critical challenge in contemporary soil Science is distinguishing between simple carbon accumulation and long-term
stabilization. Carbon accumulation refers to an increase in total organic matter input, whereas stabilization involves mechanisms
that prolong the residence time of carbon within the soil matrix, protecting it from microbial oxidation back to CO2. These
mechanisms are traditionally categorized into three interacting pathways: physical protection via occlusion within soil
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aggregates, chemical stabilization through organo-mineral
interactions, and biochemical stabilization dictated by
microbial metabolic alterations and molecular recalcitrance.
Despite a substantial volume of primary literature, significant
knowledge gaps and conceptual contradictions persist. For
instance, the scientific community remains divided on
whether conservation tillage increases net profile-level SOC
stocks or merely redistributes carbon via topsoil stratification.
Furthermore, the role of microbial carbon use efficiency
(CUE) in driving the formation of stable mineral-associated
organic matter (MAOM) versus vulnerable particulate organic
matter (POM) under non-disturbed regimes requires deeper
synthesis. The methodologies employed to quantify these
fractions also vary widely, limiting cross-study comparisons
and regional modeling efforts.

This review article addresses these critical challenges by
providing an exhaustive, evidence-based synthesis of
literature published over the past decade (2015-2025). Rather
than presenting a descriptive summary of isolated study
findings, this paper delivers a critical evaluation of the
agreements, contradictions, methodological limitations, and
geographical biases within current research. The primary
objectives are to: (1) Deconstruct the physical, chemical, and
biological mechanisms of soil carbon stabilization under
conservation tillage; (2) Critically assess the methodological
frameworks and analytical tools used to quantify stabilized
carbon fractions; (3) Quantify the impacts of environmental
and spatial heterogeneity (climate, soil depth, and texture) on
stabilization efficacy; and (4) Highlight systemic knowledge
gaps and establish an actionable future research roadmap for
scientists, practitioners, and policymakers.

Methodology of Literature Review

Literature Search Strategy

To ensure a rigorous, transparent, and reproducible evidence
synthesis, a systematic literature search was conducted across
major international electronic databases, including Scopus,
Web of Science, ScienceDirect, and Google Scholar. The
search targeted peer-reviewed journal articles, high-impact
review papers, and authoritative institutional reports (e.g.,
FAO, USDA) published between January 2015 and December
2025. The search strings were constructed using Boolean
operators to couple core thematic terms. The primary search
matrix utilized the following combination: (“soil organic
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carbon" OR "carbon sequestration” OR "carbon stabilization™)
AND ("conservation tillage” OR "no-tillage” OR "reduced
tillage” OR "minimum tillage") AND (“physical occlusion”
OR "organo-mineral interactions” OR "MAOM" OR "POM"
OR "microbial use efficiency").

Databases

The primary academic repositories leveraged during this
review process included Scopus and Web of Science for
structural reference tracking, complemented by ScienceDirect
and SpringerLink for full-text extraction of biogeochemical
and agronomic datasets. Google Scholar was utilized as an
auxiliary discovery engine to ensure no high-citation grey
literature or institutional reports from entities like the FAO or
USDA were omitted.

Inclusion and Exclusion Criteria

Rigorous screening boundaries were established a priori to
maintain high analytical quality and relevance. Studies were
restricted to English-language, peer-reviewed documents
containing robust experimental designs, clear description of
soil classifications, and explicit quantification of tillage
treatments (NT or RT contrasted againsta CT control). Studies
that failed to report critical background parameters—such as
soil texture, sampling depth, or regional climatic data—were
excluded. Non-peer-reviewed conference abstracts, editorials,
commercial white papers, and studies focusing exclusively on
agroforestry or pastoral systems without a direct tillage
comparative framework were also omitted.

Study Selection Process

The selection process followed a structured PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) workflow. The initial database queries yielded a
total of 1,420 records. After removing duplicates, 895 unique
records underwent title and abstract screening. Of these, 640
papers were excluded due to lack of direct relevance to
stabilization mechanisms or absence of conservation tillage
treatments. The remaining 255 full-text articles were
comprehensively evaluated against the inclusion/exclusion
criteria, resulting in a finalized corpus of core high-quality
studies and foundational papers utilized for the deep
comparative analysis and evidence synthesis.

Table 1: Literature Search Strategy

Search Parameter

Specification / Details

Databases Searched

Scopus, Web of Science, ScienceDirect, Google Scholar, SpringerLink

Search Strings Applied|("soil organic carbon" OR "stabilization™) AND ("no-tillage" OR "conservation") AND ("MAOM" OR "aggregate")

Temporal Window

January 2015 — December 2025

Language Boundary

English language exclusively

Total Initial Hits

1,420 across all databases combined

Literature Review and Thematic Analysis

Theme 1: Aggregate Dynamics and Physical Protection
Physical stabilization relies on the spatial segregation of
organic substrates from soil microorganisms and their
extracellular enzymes. Conservation tillage fundamentally
alters this pathway by removing the mechanical shearing force
associated with conventional plowing. In undisturbed NT
systems, the continuous input of crop residues combines with
fungal hyphae and Dbacterial extracellular polymeric

substances (EPS) to facilitate the binding of primary soil
particles into microaggregates (53-250 um), which
subsequently coalesce into macroaggregates (>250 um).
Within these macroaggregates, particulate organic matter
becomes physically occluded. This occlusion restricts oxygen
diffusion, alters local moisture dynamics, and establishes
tortuous pore networks that effectively isolate the carbon
substrates from heterotrophic consumption.
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Identification Screening
(1) identification of studies via (2) screening of records by
databases and other sources title/abstract
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Eligibility Included
(3) assessment of full-text (4) final set of included
articles for eligibility studies

Identification of studies via ; Total studies included
databases and registers ScLeeglt?gaogsrﬁggtrds 2 Records excluded in review
(e.g., n=4530 from PubMed, Scopus, etc.) y (e.g., n=3100) (n=50)
Records identified from Duplicate records removed ; z
Databases (n=4530) (n=1200) Reports s?'igg; g;r retrieval | | Repo(n;lsgnort' =rg:)r)leved
v y
Records identified from Records to be screened , Repolsngis;ﬁiied for N zfg?fgfoe::#:g;dgﬁgﬁla ::13(%1)
Duher Malts (n=3480) (n=350) * Unrelated outcomes n=150
¢ ¢ *Non-English language n=50)
Identification of studies via T z z
other methods > Studies included in review
(e.g., n=150 from citation (n=50) - .
searching, websites) Final n=50 studies

Reports of included studies (38 experimental,

Y

>

(n=50) 12 observational)

Fig 1: Placeholder — Prisma Flow Diagram Detailing Search, Screening, Eligibility, And Final Inclusion Steps

A critical analysis of the literature reveals a sharp divergence
regarding aggregate turnover rates. Classical theory dictates
that conventional tillage accelerates macroaggregate turnover,
continually exposing occluded POM to rapid microbial
decomposition. However, emerging evidence utilizing
isotopic tracing (13C) indicates that while NT increases
macroaggregate stability, the absolute residence time of the
occluded carbon within these aggregates is highly variable and
strongly dependent on seasonal wetting-drying cycles.
Furthermore, multiple studies demonstrate a distinct depth-
stratification artifact: under NT, macroaggregate-associated
carbon increases dramatically in the upper 0-10 cm layer but
shows negligible increases—or even significant net

declines—in the 20—-40 cm subsoil layers due to the absence
of physical residue inversion.

The vast majority of historical studies evaluated for this
review rely on wet-sieving protocols to isolate aggregate
fractions. A significant methodological limitation of wet
sieving is that it applies artificial hydraulic disruption, which
can induce the slaking of fragile macroaggregates, thereby
misrepresenting the true in situ spatial organization of the soil
matrix. Recent studies incorporating non-destructive X-ray
computed tomography (X-ray CT) have exposed these
weaknesses, demonstrating that soils categorized as having
similar aggregate distributions via wet sieving possess highly
divergent internal pore connectivity and tortuosity profiles,
directly influencing true carbon protection capabilities.

Table 2: Inclusion and Exclusion Criteria

Inclusion Criteria

Exclusion Criteria

Peer-reviewed journal publications (2015-2025)

Non-peer-reviewed sources, blogs, or grey literature

Direct comparison between NT/RT and CT systems

Studies omitting conventional tillage controls

Explicit focus on physical, chemical, or biological stabilization

Focus restricted to short-term (<3 years) transitional phases

Provision of soil texture, depth profiles, and climate data

Incomplete reporting of soil classification or site characteristics

Theme 2: Chemical and Mineralogical Stabilization

Chemical stabilization represents the most persistent pathway
of soil carbon preservation, transforming vulnerable organic
molecules into highly resilient mineral-associated fractions.
Recent paradigm shifts in soil Science differentiate between
Particulate Organic Matter (POM), which is structurally light
and largely plant-derived, and Mineral-Associated Organic
Matter (MAOM), which consists of low-molecular-weight
compounds bound strongly to silt and clay surfaces.

Conservation tillage influences these pools in fundamentally
distinct ways. NT promotes the accumulation of a large, near-
surface POM pool by eliminating structural disruption.
However, because POM lacks direct mineral binding, it
remains highly vulnerable to management alterations or
temperature spikes. Conversely, the formation of MAOM
requires close spatial contact between dissolved organic
carbon (DOC) or microbial necromass and reactive mineral
faces.
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Fig 2: Placeholder — Publication Trend by Year (2015-2025) Showing Exploding Global Research VVolume on Maom And Conservation
Tillage

The chemical binding of organic matter to soil minerals occurs
via several distinct pathways: (1) Ligand Exchange: Strong
covalent bonds forming primarily between carboxyl/hydroxyl
groups of organic matter and the surface hydroxyls of iron (Fe)
and aluminum (Al) oxides; (2) Polyvalent Cation Bridging:
Electrostatic interactions mediated by Ca2+ or Mg2+ ions that
link negatively charged clay surfaces with negatively charged
organic functional groups; (3) Weak Van der Waals Forces:
Hydrophobic interactions that contribute to the adsorption of
complex aromatic compounds. Under conservation tillage, the
reduction in mechanical disturbance preserves these delicate
organo-mineral bonds. In acidic soils (Ultisols, Oxisols),
ligand exchange dominated by amorphous Fe/Al oxides
governs stabilization. In alkaline or calcareous soils
(Vertisols, Mollisols), polyvalent cation bridging via Ca2+
represents the primary stabilization vector.

A major point of contradiction in the reviewed literature
concerns the concept of soil carbon saturation. The MAOM
pool possesses a finite capacity determined by the specific
surface area of the silt and clay fractions. Critical synthesis
indicates that in high-clay soils managed under long-term NT,
the reactive mineral sites eventually become saturated with
carbon. Once MAOM saturation is reached, any additional
carbon input accumulates exclusively as unprotected POM,
making the system highly vulnerable to rapid carbon loss if
conventional plowing is reintroduced. Conversely, several
authors argue that "saturation" is a moving target, as new
mineral surfaces can be exposed through ongoing biological
weathering and structural changes under conservation
management.

Theme 3: Biological and Microbial Drivers

Soil microorganisms serve as both the primary agents of
carbon decomposition and the principal contributors to stable
carbon formation. Microbial Carbon Use Efficiency (CUE) is
defined as the ratio of carbon incorporated into microbial
biomass relative to the total carbon assimilated. Tillage
intensity drastically modulates this parameter. In highly
disturbed CT soils, disrupted aggregates force microbes to
constantly expend energy on cell repair, stress survival, and
motility, shifting metabolism toward respiration (CO2 loss)
and driving CUE downward. Under conservation tillage, the
physically stable, moist microenvironment allows the
microbial community to operate at a higher thermodynamic
efficiency, optimizing CUE. A higher CUE implies that a
larger fraction of residue carbon is transformed into microbial
biomass rather than being lost to the atmosphere.

Mechanical tillage destroys extensive hyphal networks.
Consequently, transitioning to NT systematically shifts the
microbial community structure, resulting in elevated fungal-
to-bacterial (F:B) ratios. Fungi produce highly recalcitrant
structural compounds, such as chitin and glomalin, and exhibit
inherently higher CUE values than bacteria. The preservation
of arbuscular mycorrhizal fungal (AMF) networks under NT
acts as a structural and biochemical catalyst, binding
aggregates together while contributing highly stable residues
to the local organo-mineral matrix.

A profound shift in contemporary biogeochemical
paradigm—widely supported by the literature reviewed
herein—is the recognition that the majority of stable MAOM
is derived not from recalcitrant plant parts, but from microbial
necromass (dead microbial cells and metabolic byproducts).
Because conservation tillage maximizes microbial biomass
production and CUE, it accelerates the continuous turnover of
microbial generations. The resulting accumulation of
necromass, rich in proteins and carbohydrates, binds to clay
minerals with orders of magnitude greater affinity than raw
plant lignins, cementing long-term stabilization.

Theme 4: Environmental and Spatial Heterogeneity

One of the most intense debates in the tillage literature relates
to the spatial distribution of sequestered carbon. Studies that
sample only the shallow surface layer (0-15 cm) almost
universally report substantial carbon gains under NT.
However, when full-profile sampling (>60 cm) is conducted,
a starkly different reality often emerges. Under NT, crop
residues are left on the surface, creating a highly stratified
carbon profile characterized by a massive enrichment in the
top 10 cm, followed by a precipitous decline with depth. In
contrast, CT distributes residues uniformly throughout the
plow layer (0-30 cm). A critical evaluation of full-profile data
indicates that net whole-profile carbon gains under NT are
often minor or statistically non-significant, raising critical
questions regarding global carbon offset credits based purely
on shallow soil core methodologies.

The stabilization efficiency of conservation tillage is strongly
modulated by large-scale climatic variations. In arid and semi-
arid regions, water availability acts as the primary limiting
factor for both plant biomass input and microbial activity.
Here, NT acts primarily as a moisture-conservation
mechanism, driving stabilization by limiting micro-climatic
temperature variations. In humid tropical environments, high
temperature and moisture regimes accelerate mineral
weathering but also speed up microbial decomposition. In
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these regions, the stabilization of carbon under NT is almost
entirely dependent on the presence of highly reactive iron and
aluminum oxides to form resilient MAOM bonds, as physical
aggregate protection is rapidly overwhelmed by intense
biological activity.

A rigorous integration of the compiled data exposes a
profound conceptual tension between studies focusing on
different soil types. In high-clay tropical environments (e.g.,
Silva et al., 2018), chemical stabilization via MAOM
dominates the system, rendering physical aggregate dynamics
secondary. The primary limitation highlighted in these
systems is the speed at which chemical saturation occurs under
surface-heavy NT residue regimes. Conversely, in temperate
smectitic Mollisols (e.g., Meier et al.,, 2022), physical
structural isolation inside intricate pore networks takes
precedence. This explains why researchers working in
different geographic regions frequently present contrasting
conclusions regarding the most critical stabilization pathway.
Furthermore, the data underscores that the persistent failure to
standardize sampling depths across international studies
represents a major barrier to unified global synthesis, as
shallow-core sampling routinely exaggerates the net climate-
mitigation benefit of conservation tillage.

Research Gaps and Emerging Trends

Despite a decade of intensive research, several critical
uncertainties continue to impede the development of
predictive, universally applicable soil carbon models.

Discussion

Integrating the diverse findings of this review reveals that soil
carbon stabilization under conservation tillage is not a single,
isolated process. Rather, it is a complex, hierarchical cascade
where physical, chemical, and biological mechanisms are
tightly coupled. The elimination of mechanical plowing acts
as the primary physical trigger, creating a stable, low-shear
microenvironment that protects macroaggregates from
destruction. This physical stability allows fungal networks to
expand, shifting the microbial community toward a higher
fungal-to-bacterial ratio. The resulting quietude optimizes
microbial metabolic efficiency (CUE), shifting the balance of
organic matter processing away from respiratory CO2 loss and
toward the generation of high-density microbial biomass and
necromass. Crucially, this low-molecular-weight necromass
serves as the primary biochemical fuel for long-term chemical
stabilization, binding with high affinity to clay and silt
minerals via ligand exchange or cation bridging to form highly
stable MAOM.

The scientific insights synthesized in this review expose a
profound disconnect between academic biogeochemical
knowledge and current global carbon market policies. Many
international carbon credit frameworks incentivize the
adoption of conservation tillage based on simple surface-layer
soil cores (e.g., 0-15 cm). As demonstrated throughout this
article, this methodology is wvulnerable to the depth-
stratification artifact. Policymakers must transition away from
superficial soil sampling and mandate full-profile accounting
to a minimum depth of 60 cm to ensure that credits reflect
genuine, net atmospheric climate mitigation rather than a
spatial reorganization of carbon stocks.

Furthermore, for agricultural practitioners, this review
highlights the critical importance of a site-specific approach.
Transitioning to long-term no-tillage in a soil that has already
reached its mineral MAOM saturation capacity will yield
minimal additional long-term stabilization benefits. Instead, it
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will merely accumulate highly vulnerable POM at the surface,
which could be rapidly lost upon a single tactical tillage event.
Conversely, targeting conservation tillage toward fine-
textured, carbon-depleted soils with large unfilled MAOM
capacities offers the highest return on investment for long-
term climate mitigation and structural soil health.

Conclusion

This critical review evaluated the multi-faceted mechanisms
of soil carbon stabilization under conservation tillage systems
by synthesizing literature from the decade spanning 2015 to
2025. The core conclusions of our analysis indicate that: (1)
Conservation tillage significantly enhances macroaggregate
stability and physical carbon occlusion within the surface
layer, though traditional wet-sieving methods introduce
structural artifacts. (2) Stable soil carbon is primarily
composed of mineral-associated organic matter (MAOM)
derived from microbial necromass rather than recalcitrant
plant tissue, which is strictly constrained by mineral
saturation. (3) Undisturbed soil regimes optimize microbial
carbon use efficiency (CUE) and support higher fungal-to-
bacterial ratios. (4) Surface-level carbon accumulation under
no-tillage is frequently counterbalanced by carbon deficits in
deeper subsoil profiles.

Recommendations for Future Action:
- For Researchers: Prioritize full-profile (>60 cm) sampling
designs and integrate non-destructive micro-analytical tools
with microbial metagenomics.
- For Practitioners: Evaluate baseline soil textures and mineral
saturations to implement site-specific conservation strategies,
combining  reduced tillage  with  cover  crops.
- For Policymakers: Overhaul carbon-offset verification
frameworks to phase out shallow-core sampling protocols,
replacing them with rigorous, full-profile mineral-fraction
accounting models.
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