Review | Open Access

Carbon Footprints

DOI:10.20517/cf.2026.90

Locke et al. Carbon Footprints 2026, 5, 46

Deep carbon in agricultural soils: considerations for
its treatment in soil carbon studies

Maxwell Locke

Keywords:

Soil horizons, pedon,
transfer, soil structure,
regimes, carbon, depth,
agriculture

Citation: Locke, M.; Unc, A.
Deep carbon in agricultural
soils: considerations for its
treatment in soil carbon
studies. Carbon Footprints
2026, 5, 46.
https://dx.doi.org/10.20517
/cf.2026.90

Received: 19 Jun 2026
First Decision: 13 Jul 2026
Revised: 13 Aug 2026
Accepted: 14 Aug 2026
Published: 21 Aug 2026

Academic Editor:
Dafeng Hui

Copy Editor:

Ping Zhang
Production Editor:
Ping Zhang

'.) Check for updates

, Adrian Unc

Procedural

C input
;/(/‘ roots, soluble,
and colloidal C

Horizon-aware
— .
sampling
Constrained

— functions
low soil temp.,a,

0O2. Mineral protection

Deep POM/MAOM
— unique fractions
and functions
True warming
m experiments
—>@® (o true deep temp.,
aw, 02.

Water deficit
rooting depth,
water uptake

Soil Structure
@ flow paths
and connectivity

2 Deep SOC traits _
o residence vs lability

Carbon stabilized

CC Coupled dynamics
and stored — temp., hydrology, root
= . redistribution,
in deep horizons baat microbial adaptation

Transport mechanisms
DOC and colloidal C

Root (@ Mechanical mixing @ ; i ransport
penStaticn (CEpaostievey) Siotbaton O Preferential flow

Abstract

Carbon reaches deep soil via roots, dissolved and colloidal transport, preferential flow,
bioturbation, and soil mixing. Droughts may promote deep rooting but also suppress
microbial activity. At depth, carbon persistence and vulnerability are regulated by
interacting constraints that differ fundamentally from those operating near the surface.
Hence, its study must acknowledge the unique carbon inputs and environmental
constraints. This review offers a perspective on the utility and potential shortcomings of
current approaches to studying deep soil organic carbon (dSOC) in the context of sources,
transport pathways, stabilization and vulnerability across depth and their interactions with
pedogenic horizonation, climate and environmental change. Evidence suggests that dSOC
functions as a distinct component of the soil carbon cycle rather than a slow-cycling
reflection of surface SOC. Persistence of dSOC cannot be solely explained by the chemical
recalcitrance of SOC. Instead, dSOC stability is a composite of the hydrological, gaseous,
mineralogical and biological constraints controlling microbial functions and access to SOC.
Importantly, these are more accurately described as horizon-dependent rather than strictly
depth-dependent. Although the particulate/mineral-associated organic matter framework
remains useful, its interpretation may become ambiguous in deep soils. Hence, a
mechanistic understanding of dSOC persistence requires coupling changes to C inputs,

transfer pathways, mineral interactions, hydrological connectivity and biological
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constraints across pedogenic horizons. As soil horizon-dependent heterogeneity governs the persistence of
chemically labile C compounds, horizon-aware sampling and testing would avoid misrepresenting mechanisms
controlling dSOC. Incubation and warming studies imposing ecologically implausible conditions may measure short-
term microbial physiological stress responses rather than climate-relevant SOC vulnerability.

INTRODUCTION

Soil organic carbon (SOC) is the largest terrestrial carbon pool, exceeding the combined carbon stored in
vegetation and the atmosphere'. Agricultural soils have lost substantial SOC under long-term land use and
intensive management, creating a large SOC debt?. Rebuilding this carbon stock through sequestration is
widely viewed as an effective climate-change mitigation opportunity® ), particularly if added carbon can
persist over timescales relevant to mitigation.

However, increasing SOC storage does not automatically constitute C sequestration'”’. The term
“sequestration” should be reserved for SOC increases resulting from net atmosphere to soil C flow that are
durable, additional and climate-relevant, rather than for any short-term increase in SOC stocks!®. This
distinction is especially important in deeper layers where slower apparent turnover, older radiocarbon ages
and greater mineral-associated storage capacity!®'* have led to growing interest in subsoil C as a
sequestration target. These attributes, when combined with higher C variability in deeper layers'" risk
misrepresenting SOC storage change.

Most agricultural SOC studies focus on the upper 0-30 cm, despite deeper layers storing more than half of
global SOC stocks!?**. This shallow focus risks underestimating SOC stocks and misrepresenting
management effects when carbon is redistributed with depth". For example, extensive literature indicates
that apparent SOC gains under no-till in surface layers may partly reflect vertical redistribution rather than
whole-profile increased sequestration*. While deep SOC (dSOC) research has expanded, studies focusing
on agricultural systems are less represented [Supplementary Materials], supporting the need for agricultural
perspectives that integrate soil physics, hydrology, pedology, microbial ecology and C-fraction frameworks.

Several reviews have addressed dSOC formation, cycling, response to global change and management
strategies for enhancing subsoil C storage!®'” . Rather than repeat that content, in this review we aim to
identify and discuss overlooked considerations while offering recommendations that should guide future
dSOC studies on the potential impacts of agriculture and climate change.

Roots dominate vertical carbon inputs and depth distribution

Carbon inputs originate from photosynthetically fixed C that reaches soil either as aboveground litter or as
belowground root-derived C. The relative importance of these pathways varies among vegetation types and
environmental conditions. Root-to-shoot ratios are strongly influenced by potential water deficit, with
greater deficits generally increasing belowground allocation”’!. Absolute root-to-shoot ratios also vary by
plant functional type, tending to be larger in grasslands, lower in shrublands and lowest in forests®**.

Roots exert a disproportionate effect on soil organic matter (SOM) formation” through growth, exudation,
fragmentation and turnover. Root distribution is therefore a major determinant of vertical C allocation"”. In
wetter and colder systems, C inputs are often concentrated near the surface. In warmer or drier systems,
roots may penetrate deeper into the vadose zone, promoting deeper C deposition and rhizosphere-driven
microbial activity. Under drought conditions, roots redistribute preferentially into deeper horizons,
increasing overlap with retention zones and microbial activity, thereby enhancing the potential for subsoil C
stabilization [Figure 1A]. This pattern is also relevant to annual crops. For example, drought can increase
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Figure 1. lllustration of transport and processing of carbon to soil depth: texture and horizonation. (A) Soil profiles partition into a
preferential flow domain (red shading) and a retention domain (blue shading), which regulate dissolved organic carbon (DOC) mobility,
microbial processing, and root activity; (B) Hydraulically mediated carbon distribution and processing at horizon textural boundary
transitions for (b1) coarse-over-fine (sand — clay) systems and (b2) fine-over-coarse (clay — sand) systems. Across both panels,
horizon transitions are represented as continuous, while variably diverging, gradients rather than discrete boundaries, emphasizing their
role as biogeochemical zones where hydrologic, biological, and geochemical processes converge to regulate carbon persistence“*,
MAOM: Mineral-associated organic matter.

maize root biomass and rooting depth, potentially contributing to climate-change adaptation and deeper C
inputs®. Water deficit may therefore favor proportionally deeper C deposition, but its effects are context-
dependent.

Short-term drought can sometimes be tolerated without yield loss in perennial grasses””, and the effect of
wetting or drying on rooting depth depends on the initial wetness or aridity of the system"*. The yield
sensitivity to drought is non-linear and depends on the interplay between drought length, timing and
temperature®’. This can lead to reduced but variable available litter to be deposited on or tilled into the
superficial soil layers.
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The balance between gross primary productivity and microbial decomposition ultimately governs net SOC
accumulation. Systems with high productivity, such as tropical biomes, or with very low decomposition
rates, such as tundra, can accumulate large SOC stocks. By contrast, croplands often combine variable
productivity with relatively high decomposition rates, limiting long-term SOC accumulation.

Transport of soluble and suspended SOC
Besides through roots, SOC reaches deep soil horizons through several interacting pathways including:

« Downward movement of dissolved organic matter through matrix flow and preferential flow paths;
« Transport of colloidal organic carbon;

« Bioturbation;

* Redistribution caused by tillage, deep plowing or other management operations.

As nature’s solvent, water enables advective and diffusive transport” of soluble C (i.e., dissolved organic
carbon; DOC) and suspended colloidal (1-1,000 nm) particles®, including microbial cells. The magnitude
and depth of this transport depend on infiltration rate and timing, soil structure, pore architecture, extant
water potential and hysteretic behavior, mineralogy and the properties of the soil solution, which ultimately
impacts C availability along gradients of these factors [Figure 1A].

Dissolved organic matter (DOM) moving along infiltration pathways undergoes repeated adsorption,
microbial processing and desorption. During this process, plant-derived compounds deposited in upper
layers can displace, or be progressively transformed into, smaller microbially derived compounds with depth,
contributing to vertical chemical gradients in SOM composition and radiocarbon age*>**. Thus, structurally
complex aromatic compounds often dominate upper layers, whereas more processed, microbially derived
compounds may become relatively more important in deeper layers®™*.

In coarse-textured soils, rapid piston and finger flows lead to weak coupling between DOC transport and
microbial activity, promoting carbon export, CO, losses, and lower mineral stabilization of organic
matter®**. In fine-textured soils (clay), slower, matrix-dominated flow enhances DOC retention and
promotes microbial processing zones, resulting in carbon stabilization via mineral associations!”°!.
Intermediate textures (silt) exhibit partial coupling between transport and processing [Figure 1A].

Colloidal organic matter may also contribute substantially to dSOC transfer, although its formation,
mobility, reactivity and functional role in dSOC storage remain less well understood. Colloids can transport
organic matter, clay minerals, Fe and Al oxides, enzymes and microbial cells. This means that preferential
flow paths may not only transport C but also deliver microbial cells and extracellular enzymes to deeper
microsites contributing to the deep soil communities and functions*. Significant deep transfer of larger
colloids and suspended particulates (> 0.45 pm and up to 75 pm) may occur during pronounced infiltration
events across different soil structures and land use types, but its contribution is often neglected*"’.

Preferential flow through macropores'*” is especially important in structured soils [Figure 1A]. Large,
continuous pores and cracks, such as those found in some fine-textured and shrink-swell clay soils, can
promote rapid but spatially uneven transport of dissolved and colloidal organic matter. This may generate
deep hotspots with elevated C availability and turnover®, whose quality might differ, as it largely bypasses
close mineral-surface interactions during matrix flow. However, the biological expression of these hotspots
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depends on whether temperature, water activity and oxygen availability support microbial activity.

SOC STABILITY: CHEMISTRY, MINERAL PROTECTION AND ENVIRONMENTAL LIMITATION

Historically, SOM persistence was often attributed to inherent chemical recalcitrance, especially in humic
fractions. This view has been challenged by the recognition that all SOM is potentially subject to microbial
processing, and that persistence often reflects environmental and physicochemical protection rather than

[39,44]

intrinsic molecular resistance .

Current frameworks emphasize physical inaccessibility and mineral protection*, particularly through the
distinction between particulate organic matter (POM) and mineral-associated organic matter (MAOM)"..
These fractions differ in residence time and sensitivity to disturbance, but their functional interpretation
remains imperfect. POM may, under some conditions, contribute to long-term storage*”, whereas some

[48]

MAOM can also cycle relatively rapidly

This ambiguity is amplified in deep soils. Compounds that are biochemically labile may be functionally
persistent because they are mineral-associated, spatially inaccessible, oxygen limited or present under
conditions of low water activity and low microbial activity. Conversely, operationally defined MAOM may
not always represent slow-cycling C, especially if changing hydrology or redox conditions alter organo-
mineral associations.

The permanence of deep MAOM therefore depends on mineralogy, pH, redox status, ionic strength,
microbial community structure and water-flow dynamics. Acidic solutions may promote dissociation of C
from low-charge minerals such as silica oxides, while favoring ligand-exchange complexation of aromatic
DOC with Fe and Al oxides, as seen in Podzols!****). Thus, the same organic compound may differ in
persistence depending on where it is located in the profile.

SOIL HORIZONS AS FUNCTIONAL COMPARTMENTS

Soils are vertically structured systems composed of horizons with distinct physical, chemical and biological
properties. During soil formation, weathering, fragmentation, thermal expansion, crystal growth, colloidal
movement and hydrological redistribution produce layered profiles. Each horizon has its own boundary
conditions, affecting mass and heat transfer across the profile.

Horizons can therefore be conceptualized as interconnected compartments or bioreactors, each with specific
inputs, outputs and internal transformations"”>*! [Figure 1B]. Carbon derived from litter, roots and fauna is
transferred and transformed within these horizon-specific microenvironments. Soil temperature, water
content and gas regimes reflect atmospheric forcing at the soil surface but are mediated by horizon-to-
horizon dependent differences in texture, structure, porosity, mineralogy and organic matter content,
emerging from the soil-specific set of processes that characterize its development, which will control cross-
horizon transfer of mass and energy, root penetration and associated functions. However, the natural
properties of these horizons can be significantly altered by farm practices®*: tillage, compaction, differential
fertilization, and rotating crops with distinct rooting patterns and depths.

In coarse-over-fine systems, capillary entry constraints might generate threshold-controlled flow that
promotes DOC accumulation above the transition zone, consistent with established capillary barrier
behavior in layered soils"®>* [Figure 1B]. This accumulation coincides with increased root density”* and
microbial activity, leading to a sharply localized transformation of DOC into MAOM within a narrow depth
interval, in line with conceptual and empirical models of mineral-organic associations and microbial
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37,39

processing®*!. In fine-over-coarse systems, continuous advection results in diffuse DOC transport with
minimal accumulation, producing broader distributions of root activity and microbial processing and
leading to more gradual and spatially distributed MAOM formation. Thus, at horizon boundaries, the

likelihood of MAOM formation can be represented as:
MAOM << f(R.* C) (1)

where C, is capillary retention efficiency (controls strength of interface barrier & flow divergence vs
penetration) and R is carbon retention rate (controls DOC residence time & probability of microbial

processing).

Systems could accordingly be classified as being dominated by DOC transport or retention and processing.

HEAT TRANSFER ACROSS DEPTH AND HORIZONS

Heat transfer deep into soils occurs mainly through conduction and is influenced by porosity, bulk density,
texture, mineralogy, organic matter and water content”**. Surface temperature fluctuations are progressively
attenuated with depth, producing vertical thermal gradients. Water filled pores increase thermal conductivity
and volumetric heat capacity, allowing the soil to absorb, store, and release heat more effectively. When dry,
heat conductivity depends on the conductivity of soil minerals: quartz-rich sandy soils are more conductive
than compact clays"™. Therefore, the same surface warming may produce different subsoil thermal responses
depending on soil mineralogy, texture, structure, and water content.

The assumption that diurnal temperature variation has little effect at approximately 50 cm depth underlies
the concept of soil temperature regimes!*. At this depth, seasonal rather than diurnal variation typically
dominates. If the difference between mean summer and winter soil temperature is less than approximately
5-6 °C, the regime is considered relatively isothermal and receives an “iso” prefix.

Still, these regimes are governed by differential thermal characteristics between horizons. Soils with less
drastic cross-horizon textural differences might exhibit more uniform vertical temperature gradients and
fluctuation dampening, while soils with coarser-grained overlying horizons might favor rapid heat transfer
with more pronounced attenuation in clay-enriched underlying horizons. The heterogeneity of these
gradients between soils and across the profile is, surprisingly, rarely discussed in the context of dSOC cycling.

SOIL MOISTURE AND GAS REGIMES AS MICROBIAL CONSTRAINTS

Deep SOC persistence cannot be explained by its composition and mineral stabilization alone. Microbial
activity depends on the concurrence of suitable substrate, water activity, temperature, oxygen availability and
nutrient balance. As depth increases, gas exchange with the atmosphere becomes increasingly restricted by
pore tortuosity, discontinuity, compaction and water-filled porosity. This promotes microaerophilic or
oxygen-limited conditions, particularly where pores are saturated.

Reduced gas diffusion can limit microbial respiration and contribute to the persistence of organic
compounds otherwise considered chemically labile’*’. Increased macroporosity may enhance gas exchange
and increase surface CO, fluxes near the soil surface'”” but low porosity can also generate negative feedbacks

between respiration, CO, accumulation and microbial activity'*.

Water-table depth further modifies soil moisture, texture and structure-dependent capillary rise, oxygen
availability and water-potential gradients. Depending on the depth, climate (e.g., net evaporation vs net
infiltration climates), soil structure and texture, the water table can alter both the direction and rate of water
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movement, thereby influencing C transport, redox dynamics and microbial activity.

MANAGEMENT EFFECTS ON TRANSFER PROCESSES

Agricultural practices influence dSOC by altering both C inputs and soil parameters that control transfer
processes. Management that changes surface structure and hydrology can affect mass and heat transfer to
deeper layers.

Tillage can alter bulk density, pore continuity, thermal conductivity and hydrological flow paths. It may alter
particle contact and heat transfer but can also reduce macroporosity or create compacted plow pans that

[64

restrict root penetration and density'**, gas diffusion and water movement. Deep tillage or inversion tillage

can redistribute surface C into subsoil layers, where decomposition may slow because of abiotic constraints.

Irrigation affects heat and mass transfer by increasing water-filled porosity!*”, modifying thermal buffering
and changing the balance between matrix flow and preferential flow. Manure effects depend on manure type.
Solid manure may buffer soil temperature and add organic matter near the surface, whereas liquid manure
may alter hydraulic continuity and water flow pathways'* and thus gas diffusion and the vertical distribution
of organic substrates.

Crop rotations also matter: species with contrasting rooting depths and architectures differ in their ability to
deliver C to deeper layers and form biopores. Drought-adapted or deep-rooting crops may enhance subsoil C
inputs, but their effects will depend on productivity, soil water status, nutrient supply and microbial
constraints.

EXPERIMENTAL CONSIDERATIONS FOR DEEP SOIL CARBON ASSESSMENTS

Does the POM/MAOM framework apply cleanly to deep soils?

As the most common fractionation technique, the POM/MAOM framework is valuable, but its
interpretation in deep soils requires caution. In surface soils, POM is often treated as more accessible and
faster-cycling, whereas MAOM is treated as more stabilized***. In deep soils, this mapping may break down.
Outside of preferential flow paths where conditions may favor activity in hotspots, POM that is transferred
to deep layers by, for example, deep tillage, effectively behaves like stable MAOM, with high radiocarbon
ages!”l. Thus, the characteristics often attached to these operationally defined fractions used to infer
functions and persistence may lead to misrepresentative conclusions in deep soils.

Because mineral-associated storage capacity tends to be greater in deeper horizons, mineralogy may play a
proportionally larger role than biological factors in dSOC accumulation, compared with surface horizons"*.
However, mineral protection interacts with hydrology and microbial limitation. Therefore, deep MAOM
should not be assumed to be universally stable, nor should deep POM be assumed to be rapidly
decomposable.

Similarly, MAOM measured on dried and dispersed soils may not fully represent in-situ stabilization. As air-
drying before fractionation may strengthen the organic matter-mineral interactions'*”, some organic matter
associated with clay minerals'®' that might be reversibly attached and mobile under field conditions” might
be counted as MAOM by laboratory fractionation. The composition, mobility and organo-mineral
interactions of larger colloidal size fractions normally included in DOC (i.e., < 0.45 pm) may differ from
smaller fractions, and thus their contribution to C persistence!”. While DOM contributes to profiles of
MAOM storage with depth, similarly assessing the contribution of potentially mobile colloidal MAOM
fractions may provide further insights into dSOC cycling.



Page 8 of 18 Locke et al. Carbon Footprints 2026, 5, 46

While the SOM content is directly related to the soil’s mineral-dependent specific surface area (SSA),
sorption of organic matter to soil minerals results in aggregation which lowers the SSA®. Thus, further
accumulation of organic matter is independent of the SSA, hence the dominance of POM accumulation.
Considering the depth distribution of organic matter, it can be reasonably inferred that, proportionally, the
mineralogy of the deeper horizons is more important for MAOM-driven C accumulation. Carbohydrates can
be reversibly adsorbed on soil minerals and easily lost or available to microbes, while lignin-derived aromatic
DOM might be more strongly bound?". Consequently, reversibly attached C can be preferentially
transported to depth and may be chemically labile C that becomes location-dependent MAOM that persists.
For example, acidic soil solution favors C dissociation from low surface charge minerals, such as silica oxides,
but favors ligand-exchange complexation of oxygen-poor aromatic DOC with aluminum and iron
(hydr)oxides™, leading to lower solubility and long-term C accumulation; this is most evident in Podzols.

Therefore, while production of MAOM is strongly governed by microbial activity, i.e., necromass'””, the
permanence of MAOM storage is governed by mineralogy-driven” surface charge interactions which in the
deep soil are altered by distinct redox potentials and soil solution ionic strengths. MAOM in deeper layers is
generally exposed to less extreme/frequent redox fluctuations, except for horizons near a water table, likely
experiencing less dynamic and superficial exchange than topsoils but this would depend on soil/mineral type.
Yet, climate-driven rain distribution in combination with variable infiltration patterns-piston or macropore
type flows-that depend on the structure and pore size distribution shift water activity and gas regimes, even if
more attenuated than surface soils.

Microbial adaptation across soil depth

Microbial communities vary across depth because they experience different resource availability, water
activity, temperature variability, oxygen status and physical connectivity [Figure 2A]. Surface horizons,
especially Ap horizons, are richer in organic matter and nutrients, more strongly influenced by roots and
more exposed to short-term fluctuations in moisture and temperature. These conditions favor faster-growing
and diverse copiotrophic communities capable of rapid functional responses.

Deep horizons are typically more oligotrophic”?, less densely colonized and exposed to smaller fluctuations
in temperature and water activity. Microbial communities in these layers may therefore be adapted to
narrower environmental ranges and exhibit slower turnover. Laboratory estimates of microbial turnover
under standardized conditions range from days to more than 100 days, and up to approximately 200 days in
Antarctic soils” but estimates in deep soils are still lacking. In situ turnover in deep soils is likely longer and
more variable.

Microbial adaptation depends on generation time, population size, resource availability and selection
pressure [Figure 2B]. Soil microbial adaptation to stresses, e.g., drought, is primarily driven by historical
exposure and the intensity of perturbations and might require months and years of consistent stress exposure
to reach a steady functional state aligned with the new environmental conditions””). Consistent
unidirectional stress can drive adaptation over thousands of generations, as shown in long-term bacterial
evolution experiments”™”. Adaptation in deep soils may occur slowly because microbial growth rates are low
[Figure 2C]. However, rhizosphere zones are an important exception, as root-derived substrates can support
much faster microbial turnover and activity.

These considerations imply that short-term warming experiments may not capture long-term community
adaptation. They may instead reveal the immediate physiological capacity of extant communities to
acclimate, a more likely scenario in surface layers that commonly experience a wide range of environmental
conditions. Climate warming, by contrast, will occur alongside shifts in moisture, vegetation, rooting depth
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Carbon cycling depends on locally variable microbial community structure and functions
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Figure 2. Contrasting key controls for top- and deep-soils carbon cycling. Illustrations created de novo based on information from
refstzersromznal (A) Vertical transport; (B) Contrasting adaptation dynamics across soil depth; Summary of microbial characteristics for
topsoils vs. subsoils in (C) is expanded with associated refs found in Supplementary Table 1. Adaptation dynamics information from liquid
cultures787°1; adaptation rates and patterns in soils would vary temporally and spatially. HGT: Horizontal gene transfer.

and substrate inputs, potentially allowing gradual selection and community restructuring. Meaningful
ecological or evolutionary timescales, allowing for long-term equilibrated ecosystem adaptation, might be
best tested on climatic gradients, e.g., Bardelli et al."™.

Fixed-depth versus horizon representation

As the need for understanding of dSOC response to management is becoming more evident, the
foundational question to such inquiry of how to sample deep soils is worth rethinking. A decline in the
studies using horizon-based sampling rooted in soil taxonomy is replaced by fixed-depth sampling"*. This
reflects the shift towards discipline-specific standardized sampling depths, but critically, also indicates a
perceived recession of the practical utility of classical pedology for reasons that can only be speculated®. We
argue that pedological knowledge and its application should remain foundational in all areas of soil
science'™, including SOC research, as they consolidate the range of soil physical and chemical parameters
that support processes within which SOC responses ought to be contextualized.

The importance of representing physical and hydrological properties associated with distinct soil horizons
and geoengineered layer boundaries is recognized when measuring and modeling contaminant
transport®**), reflected in the capability of common models allowing their integration®. Subsoil SOC
models that attempt to project changes in stocks, turnover, and DOC remain limited. They use discrete
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depth increments that might not align with pedogenic horizons, sometimes assume uniform vertical
advection rates or do not consider DOC transfer, as developed®*". We acknowledge that these models are
difficult to parameterize, given the lack of data on and understanding of how to represent the mechanisms of
dSOC dynamics. However, if the goal is to use these tools to support dSOC sequestration strategies at the
field scale as they are often employed, these real vertical heterogeneities should be considered, which will
undoubtedly require collaboration with soil physicists.

The expression of physicochemical and morphological properties and thus taxonomic placement of a given
soil results from a distinct combination of pedogenesis factors acting in tandem during development. This
suite of factors can be reduced to functions of mass and energy transfer’”***, with pedogenic trajectory
occurring within a narrower range of each factor along a gradient. For example, warm tropical conditions
with high precipitation favor weathering of reactive minerals, eluviation and deposition of organo-mineral
complexes, leading to the formation of Spodosols (or Podzols in the World Reference Base'”') several meters
thick. In cooler and drier boreal climates, these same soils can be less than one meter deep but still exhibit
distinct horizonation. The pedogenic mechanisms are similar, but their intensity differs, and thus the
horizon thickness across which SOC governing functions vary. Even for similar textures, minute soil
structure changes can alter significantly cross-horizon mass and energy transfer'*”. Thus, standardized fixed
sampling depths like the Intergovernmental Panel on Climate Change (IPCC) minimum of 30 cm"”* or
100 cm recommended by the Food and Agriculture Organization (FAO)"™ might be appropriate for broader
SOC accounting, but increments that do not align with horizon boundaries can introduce uncertainty in
SOC stock comparisons when horizon thicknesses vary”*. Thus, pedon morphology, including solum
thickness and horizonation, should still be considered when selecting the depth and whether horizon- or
depth-based sampling is more appropriate. There is no one-size-fits-all to capture the heterogeneity of
transfer processes across horizons required to understand the horizon-dependent response of dSOC to
management.

Functional respiration parameters and incubation studies

Respiration-based parameters such as carbon use efficiency, priming responses and Q,, are often measured
by incubating deep soils under standardized laboratory conditions®”**. These measurements are useful for
comparing potential microbial activity and substrate use, but they should not be interpreted uncritically as
in-situ deep-soil carbon kinetics.

Deep microbial communities function under narrower and often more constrained ranges of temperature,
water activity and oxygen availability than surface communities. Incubating deep soils, especially when
disturbed, under warm, moist and aerated conditions may reveal potential mineralization capacity, but not
necessarily field-realized mineralization. In some cases, this may represent “unsatisfied mineralization”
namely SOC that is biologically degradable but remains persistent in situ because environmental conditions
suppress microbial activity.

This distinction is particularly important for warming experiments. A rapid temperature increase imposed
on deep soil samples may test whether the existing microbial community can function at the edge of or
outside its adapted range rather than whether climate warming will realistically accelerate dSOC loss. For
example, exposing a subsoil from an isomesic regime to temperature increases of 7-15 °C may push a non-
adapted community into conditions characteristic of a hyperthermic regime!*” [Figure 3].

Incubation experiments assessing dSOC sensitivity to warming might impose temperature increases ranging
from 5 to 15 °C and run for periods as short as 20 h to as long as 150 days with depths ranging from 20 to
100 cm [Supplementary Table 2]. We identified only one study”” that measured and reported in situ soil
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Soil Thermal vs Moisture Regimes
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Figure 3. Soil taxonomic thermal and moisture regimest®®? with distinct ecosystems highlighted: Soil thermal regimes with their annual
mean =+ seasonal variation; Soil moisture regimes: Aridic, very dry water deficit most of year; Ustic, dry water deficit part of year; Xeric, dry
to moist water deficit some years; Udic, moist no deficit most years; Aquic, very wet saturated part of year; Peraquic, saturated most of
year (anaerobic). Overlaid arrows are examples of approximate regime shifts when deep soils are warmed during incubation studiest®®102
that assess SOC temperature sensitivity of decomposition [Supplementary Table 2]. SOC: Soil organic carbon.

temperature regimes for the sampled depths used in the incubation. The imposed temperature and moisture
changes during deep soil incubation might either represent unrealistic regime shifts under current climate
warming scenarios or not consider narrowing temperature variability with depth. Subtropical Hapludalfs
(30-60 cm) were incubated at 25 °C, approximately 5 °C above the maximum annual soil temperature
(3-19 °C)", possibly shifting from a mesic to an isothermic regime [Figure 3]. On the extremes, one study
uniformly incubated intact 30 cm cores collected from under the 80 cm active layer of permafrost soils in
Alaska at 4 and 20 °C for 100 days"* while another study incubated natural and restored temperate wetland
Histosols (40-60 cm) at 5-25 °C for 5 days!"*". Other studies employ a wider range of temperatures (e.g.,
5-35 °C) with smaller steps'"”. This stepwise approach might better reflect the current adapted range and
potential outer-range response under greater temperature fluctuations in deep soils and be more informative,
especially when baseline temperature regimes are known.

Experimental warming should therefore be scaled to soil depth and local soil temperature regimes. A
warming treatment relevant to surface soil may be unrealistic for a deep horizon where seasonal and diurnal
variability are strongly dampened. Length of incubation might need to be adapted to differential growth and
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adaptation rates of microorganisms. Reporting soil depth, thermal regime, water status and oxygen
conditions should be standard practice.

Climate-change interpretation: temperature and moisture must be coupled

Climate-change impacts on dSOC cannot be inferred from warming alone. Most climate projections involve
simultaneous changes in temperature and precipitation, creating new combinations of heat, moisture and
hydrological regimes!*”. These coupled changes will affect root depth, litter inputs, DOC transport, water
activity, oxygen diffusion, redox dynamics and microbial activity.

Drought may be especially important because it can develop faster than gradual warming. It can suppress
microbial activity, alter rooting depth, reduce surface organic matter accumulation and change infiltration
patterns. Rewetting after drought may mobilize DOC and colloids, stimulate microbial activity and create
pulses of C transport or mineralization. Thus, drought patterns, length and intensity likelihood are important
considerations when designing and interpreting warming experiments.

Soil hydrology must therefore be interpreted through texture and structure. The same water content can
correspond to very different water potentials and microbial availability depending on pore-size distribution,
clay and organic matter content, aggregation and compaction""". Future studies should report not only water
content but also water potential or other indicators"*' of biological water availability.

Climate-gradient studies may complement, or rather be employed to justify, short-term manipulative
experiments. Where soils are comparable but differ in long-term temperature or moisture regimes'* ', they
may provide insight into adapted microbial communities and SOC profiles under plausible future
conditions. In this context, Q,, estimates, with all their limitations"*”, from adapted communities across
climate gradients may be more informative than quantification of short-term physiological responses of non-
adapted communities exposed to abrupt warming in short incubations.

Soil profile warming studies: key limitations

Compared to studies that heat the soil surface, whole-profile warming studies impose a uniform temperature
increase throughout the profile""”. Such studies are valuable, but several limitations require attention. Even if
warming is applied uniformly through the profile, deeper layers naturally have lower temperatures and
fluctuations. Kinetic theory predicts higher apparent temperature sensitivity at lower baseline

[111]

temperatures''), which complicates interpretation of depth-dependent Q,, responses. It may be difficult to
separate the role of SOC quality, substrate depletion and microbial community composition from the lower

baseline temperature regimes in deeper layers.

Moreover, warming studies often do not pair temperature manipulation with realistic precipitation or soil-
moisture change. This is problematic because moisture affects not only microbial activity but also thermal
conductivity, gas diffusion, DOC transport and root growth dynamics. Changes in precipitation can
therefore mediate, amplify or suppress the effect of warming on dSOC. Profile warming studies should
therefore, at least, encompass realistic climate-change scenarios. Without these, they risk mischaracterizing
microbial functions and dSOC vulnerability.

CONCLUSIONS AND RECOMMENDATIONS

Deep soil organic carbon studies should move beyond treating depth as a simple numeric coordinate. Depth
alters transfer processes, microbial communities, water regimes, gas regimes, mineral surfaces and thermal
environments, in manners corresponding to changing horizons. These factors jointly determine whether
carbon is transferred, transformed, mineralized or stabilized. Functional adaptation of microbial
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communities across soil profiles is likely important in governing organic carbon stability with depth.
Future studies should:

1. Report soil depth together with horizon identity, texture, structure, bulk density, mineralogy and soil
temperature regime.

2. Use horizon-aware sampling when mechanisms, rather than inventories alone, are the objective.
3. Measure or estimate water potential, not only gravimetric or volumetric water content.
4. Account for gas diffusion and oxygen constraints, especially in compacted, wet or fine-textured subsoils.

5. Interpret particulate and mineral-associated organic matter cautiously in deep soils, where operational
fractions may not correspond directly to persistence or accessibility.

6. Design warming experiments around realistic depth-specific thermal regimes, rather than applying
uniform or unrealistic warming across all layers.

7. Couple warming with moisture and hydrological change, reflecting realistic climate change trajectories.

8. Distinguish potential mineralization from in-situ mineralization, especially when incubating deep soils
under optimal laboratory conditions.

9. Integrate soil physics, microbial ecology and biogeochemistry with pedology, to understand deep soil
organic carbon dynamics mechanistically.

10. Use climate gradients and long-term studies to infer microbial adaptation and SOC responses under
future conditions.

Deep soil organic carbon persistence is not merely a property of organic matter chemistry. It emerges from
the interaction between organic matter form, mineral surfaces, hydrological transport, gas exchange, thermal
regime, microbial adaptation and management-induced changes to the soil profile. Recognizing this
complexity is essential for evaluating whether agricultural practices can meaningfully increase, and climate
change meaningfully affect, durable soil organic carbon storage at depth.
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