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ARTICLE INFO ABSTRACT

Handling Editor: Dr Cornelia Rumpel Soil organic carbon (SOC) is a major reservoir of the terrestrial carbon cycle and a key regulator of soil fertility,
ecosystem functioning, and climate. However, its long-term dynamics remain difficult to observe directly
because they unfold over timescales far exceeding typical experimental records. Chronosequences address this
limitation by substituting space for time, allowing temporal trajectories of SOC to be inferred from spatial
gradients under comparable environmental conditions. For more than a century, this approach has supported
research on ecological succession, pedogenesis, and SOC recovery following disturbance or land-use change. Its
explanatory power, however, depends on key assumptions, including site comparability and the stability of
system trajectories, which are rarely fully met in natural systems.

Here, we review the conceptual foundations of chronosequences, propose a structured classification, and
critically evaluate their methodological strengths and limitations. We then explicitly link chronosequence evi-
dence to contemporary frameworks of SOC formation and stabilization, including microbial and mineral-
mediated processes. Across diverse geomorphic and bioclimatic settings, chronosequences consistently reveal
shared patterns of SOC accumulation, vertical redistribution, and, in some cases, long-term retrogression. Despite
their imperfections, chronosequences remain indispensable tools for constraining long-term SOC dynamics and
for connecting process-based models with the deep temporal dimension of soils. These inferences ultimately rely
on comparisons between alternative system trajectories, whose validity depends on the plausibility of underlying
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assumptions.

1. Introduction

Soil organic carbon (SOC) is one of the largest and most dynamic
reservoirs in the terrestrial carbon cycle, underpinning soil fertility,
ecosystem functioning, and climate regulation. Global SOC stocks are
estimated at approximately 2,400 Pg C to 2 m depth, about 1,500 Pg C in
the upper meter, and 684-724 Pg C in the top 30 cm (Jobbagy &
Jackson, 2000; Batjes, 2014). Changes in SOC are most often assessed in
surface horizons, where organic inputs are concentrated, spatial vari-
ability is high, and the effects of land-use change are most immediate.

Soils should therefore be regarded not as passive carbon reservoirs,
but as active components of the terrestrial carbon cycle. Human acti-
vities—particularly the large-scale conversion of natural ecosystems to
cropland—have profoundly disrupted soil structure and biogeochemical
cycles, contributing substantially to anthropogenic CO. emissions
(Houghton, 1999; Foley et al., 2005; Bondeau et al., 2007). During the
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first decades following cultivation, up to half of initial SOC stocks may
be lost, and over the past 12,000 years agricultural expansion has
released approximately 133 Pg C from soils (Sanderman et al., 2017).
Since 1850, cumulative emissions amount to ~ 470 + 25 Pg C from
fossil fuels and ~ 205 + 60 Pg C from land-use change (Friedlingstein
et al., 2025).

Today, croplands and managed pastures occupy nearly 40% of the
Earth’s land surface, highlighting the magnitude of anthropogenic
pressure on terrestrial carbon stocks. Despite these losses, the terrestrial
biosphere continues to offset a substantial fraction of anthropogenic
emissions, acting as a net sink of approximately 2-3 Gt C yrl
(Friedlingstein et al., 2025).

Understanding how SOC responds to disturbance, recovery, and
long-term ecosystem development is therefore central to both climate
mitigation and soil stewardship.

Because SOC accrual, transformation, and stabilization operate over
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decades to millennia, direct observations alone cannot fully capture
their dynamics.

Chronosequences provide a powerful empirical approach by
comparing soils of different ages that have developed under broadly
similar environmental conditions, thereby inferring patterns associated
with system development from spatial variation (Pickett, 1989; Walker
et al.,, 2010; Walker and Syers, 1976; Jenny, 1941). By extending
inference from years to geological timescales, chronosequences offer
insights into pedogenic and biogeochemical processes that are otherwise
inaccessible to experimentation.

Here, we distinguish between chronosequences as the empirical
arrangement of sites differing in age, and space-for-time substitution
(SFT) as the inferential framework that uses these spatial contrasts to
approximate temporal dynamics.

The SFT framework underlying chronosequences rests on a critical
assumption: that sites differ primarily in age, while other soil-forming
factors such as climate, parent material, topography, and biota remain
effectively comparable. This assumption is frequently violated by envi-
ronmental heterogeneity, historical contingencies, and legacy effects,
which can confound temporal interpretation (Johnson & Miyanishi,
2008; Damgaard, 2019; Walker et al., 2010). These limitations have
fuelled sustained debate regarding the reliability and scope of chro-
nosequence inference.

More precisely, chronosequence-based inference does not merely
compare sites of different ages; it approximates contrasts between
alternative system trajectories associated with different system states,
unfolding over time.

In this review, we argue that, when used critically and in conjunction
with modern conceptual models, chronosequences remain indispensable
for understanding long-term SOC dynamics. We first summarise the
conceptual background and classification of chronosequences, with
emphasis on the assumptions underlying space-for-time substitution. We
then synthesise contemporary frameworks of SOC formation and stabi-
lization and show how chronosequence studies across diverse environ-
ments provide empirical constraints on these models. Finally, we discuss
what chronosequences can—and cannot—tell us about SOC trajectories
across space and time.

2. Time in soils and the Meaning of chronosequences
2.1. Concepts of time in soil science

Time is a fundamental soil-forming factor governing the progressive
development of soil horizons and properties over timescales that often
exceed direct human observation. Unlike other soil-forming factors,
time cannot be measured directly but must be inferred from proxies such
as geomorphic surfaces, depositional events, or ecological succession
(Ruhe, 1956; Jenny, 1941).

Over the course of system development, mineral substrates are
transformed into increasingly differentiated soil bodies, underpinning
ecosystem development and influencing the capacity of soils to accu-
mulate and retain organic carbon (Birkeland, 1999; Jenny, 1941). Soil
profiles therefore retain partial and fragmentary records of past in-
teractions among climate, biota, topography, parent material, and time.
These records also reflect land-use legacies and disturbance histories,
which can complicate the interpretation of present-day soil functions
and carbon persistence (Dupouey et al., 2002; Foster et al., 2003;
Schmidt et al., 2011; ).

Within this context, the SFT framework provides a practical
approach for inferring long-term soil and ecosystem dynamics by
comparing sites of different ages under broadly similar environmental
conditions (Huang et al., 2024; Walker et al., 2010; Jenny, 1941). This
approach has been widely applied in studies of succession and pedo-
genesis, yielding insights into nutrient cycling and soil carbon accu-
mulation (Vitousek & Farrington, 1997; Peltzer et al., 2010).

However, increasing evidence indicates that SFT-based inferences
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may be confounded by site-specific variability, historical contingencies,
and non-linear system responses (Johnson & Miyanishi, 2008; Blois
et al., 2013; Damgaard, 2019; Rehounkova et al., 2024). These limita-
tions highlight the need to critically examine the assumptions underly-
ing space—for-time approaches, particularly when they are used to
interpret long-term SOC trajectories.

2.2. Chronosequences: Historical foundations and a structured
classification

The conceptual roots of chronosequences lie in early ecological and
pedological thinking that recognized time as a driver of systematic
change in soils and ecosystems. Dokuchaev’s recognition of soils as
natural bodies governed by climate, organisms, relief, parent material,
and time anticipated later state-factor approaches (Dokuchaev, 1883 ).

Early ecological applications emerged from studies of coastal dunes,
where vegetation patterns were interpreted as reflecting surface age and
environmental gradients (Warming, 1895; Warming and Johannsen,
1909, Cowles, 1899, 1911). Clements (1916) formalized succession as a
deterministic model of development—often described as an organism-
like progression—toward a climatic climax, a view later challenged by
Gleason’s (1926) individualistic and non-deterministic perspective.
These contrasting views framed early debates on whether temporal se-
quences represent fixed developmental pathways or context-dependent
outcomes.

In soil science, Jenny’s Factors of Soil Formation (1941) provided the
theoretical foundation for chronosequence studies by formalizing time
as a state factor. Subsequent landmark studies demonstrated that soil
development often parallels vegetation succession, with predictable
changes in organic matter, acidity, and horizon differentiation along
surfaces of increasing age (Crocker & Major, 1955; Ruhe, 1956). Later
work emphasized the role of biological processes and temporal ordering
in pedogenesis (Burges and Raw, 1967; Rode, 1961).

Chronosequences were further formalized through pedogenic
models linking soil properties to substrate age, including carbonate
accumulation stages in arid soils (Gile et al., 1966) and nutrient trans-
formation models such as the phosphorus depletion framework of
Walker & Syers (1976). Parallel conceptual advances highlighted that
soil development may follow multiple trajectories rather than a single
linear pathway, as articulated in models of soil thickness and pedoge-
netic evolution (Johnson, 1985; Johnson & Watson-Stegner, 1987). A
further conceptual contribution was provided by Vreeken (1975), who
distinguished chronosequences based on the timing of soil formation
relative to surface stability, laying the groundwork for later classifica-
tions of simple and compound sequences.

More recent syntheses have emphasized the assumptions and limi-
tations of space—for-time substitution. Chronosequences are commonly
defined as sets of sites differing primarily in age under broadly similar
environmental conditions (Walker et al., 2010; Huggett, 1998), yet this
assumption is often violated by variation in biotic and abiotic drivers,
geomorphic processes, and disturbance history (Johnson & Miyanishi,
2008; Sauer et al., 2010; Zwanzig et al., 2021).

Phillips (2015) expanded this framework by introducing the concept
of path stability, treating chronosequences as networks of potential
developmental pathways rather than single deterministic sequences.
Subsequent work emphasized non-linear dynamics, historical contin-
gency, and abiotic selection in Earth-surface systems, challenging as-
sumptions of uniquely ordered and deterministic evolutionary
trajectories in soils and landscapes (Phillips, 2021, 2025).

Against this background, the diverse and sometimes inconsistent use
of the term “chronosequence” has generated conceptual ambiguity. In
the following sections, we propose a structured classification to clarify
different types of chronosequences and their appropriate applications in
the study of SOC dynamics.
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2.2.1. Ecological perspective: Chronosequences as derived from succession
theory

From an ecological standpoint, chronosequences are spatial ana-
logues of successional series that compare communities of different ages
under broadly similar abiotic conditions (Pickett, 1989; Walker et al.,
2010; Peltzer et al., 2010). Their classification can be organised along
three complementary perspectives: starting conditions, internal and
external drivers of change, and developmental trajectories.

The first perspective concerns starting conditions. Primary succes-
sion chronosequences arise on newly exposed, previously uninhabited
substrates such as lava flows (Vitousek, 2004), glacier forefields
(Matthews, 1992), or uplifted marine terraces (Hesp & Martinez, 2007).
In these settings, ecosystem development begins in the absence of pre-
existing soils, and vegetation dynamics are tightly coupled with pedo-
genesis. Studies in Glacier Bay have documented variation in succes-
sional pathways and rates across moraines of different ages (Fastie,
1995; Matthews, 1992), while long-term research on Hawaiian lava
flows has revealed both progressive and retrogressive phases of
ecosystem development driven by shifts in nutrient availability
(Vitousek, 2004). Conversely, secondary succession chronosequences
begin following disturbances that remove vegetation but leave soils
partially or largely intact, as observed in abandoned croplands, post-fire
landscapes, or old fields (Cramer et al., 2008; del Moral & Grishin,
1999). Because soil horizons and seed banks persist in these contexts,
recovery is generally faster but remains strongly conditioned by land-use
history (Foster et al., 1998, 2003; Rehounkova et al., 2024).

The second perspective addresses internal and external drivers of
change. Autogenic sequences are governed by internal biotic feedbacks,
such as canopy closure, litter accumulation, and nutrient cycling
(Connell & Slatyer, 1977; Pickett et al., 2009). In contrast, allogenic
sequences are driven by external abiotic forces, including climatic shifts,
hydrological change, or geomorphic processes (Payette, 1988; Walker &
del Moral, 2003). These drivers often interact, such that autogenic and
allogenic processes jointly shape successional pathways rather than
operating in isolation. Disturbance acts as a dynamic regulator of com-
munity structure, extending the framework beyond linear succession.
White (1979) conceptualised disturbance as a continuum of exogenous
influences, while Sprugel and Bormann (1981) demonstrated empiri-
cally that recurrent disturbance can sustain a dynamic steady state
rather than a static equilibrium.

The third perspective concerns developmental trajectories. In pedo-
logical terms, these trajectories have been conceptualised as alternative
pathways of soil evolution rather than uniform linear sequences, as
formalised in models of soil thickness and pedogenesis that emphasise
feedbacks, thresholds, and path dependence (Johnson, 1985; Johnson &
Watson-Stegner, 1987). Progressive chronosequences follow pathways
characterised by increasing biomass, structural complexity, and soil
development, as exemplified in the forelands of Alaska (Crocker &
Major, 1955; Wardle et al., 2004). Retrogressive chronosequences, by
contrast, are typified by long-term declines in productivity, nutrient
availability, and species diversity, as observed in the strongly leached
soils of New Zealand (Wardle et al., 2004), in phosphorus-depleted
tropical forests (Vitousek & Farrington, 1997), and across million-year
sequences where nutrient limitation intensifies (Peltzer et al., 2010).

In summary, ecological chronosequences highlight how initial con-
ditions, interacting drivers, and alternative developmental trajectories
structure successional pathways, providing a conceptual counterpart to
pedogenic interpretations of chronosequences.

2.2.2. Pedological perspective: Chronosequences structured along four main
axes

From a pedological perspective, chronosequences can be conceived
as ordered constellations of soils that differ primarily in age, reflecting
distinct stages of system development but are linked by the origin of
their surfaces, the order of their formation, the degree to which external
factors are controlled, and the temporal scale they span. These four
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axes—origin, order, control, and scale—are proposed here as a frame-
work for understanding how soils record temporal change and for
evaluating the strengths and limitations of chronosequence-based
inference.

Axis 1: Origin (Fig. 1)

Glacial moraines, volcanic flows, fluvial and marine terraces, dunes,
and loess deposits provide geomorphic surfaces on which pedogenesis
unfolds. Moraines yield surfaces of distinct and often well-constrained
ages left by retreating ice, enabling direct comparison of soil develop-
ment through time (Crocker & Major, 1955; Matthews, 1992; Bormann
& Sidle, 1990). Volcanic landscapes, from Hawaii to Iceland, offer
substrates with precisely constrained ages, where soils and vegetation
evolve in parallel with eruptive histories (Vitousek, 2004; Cutler et al.,
2008; Vilmundardéttir et al., 2018).

Fluvial terraces form staircases of deposition that preserve soils of
progressively older ages (Nanson & Croke, 1992; Harden et al., 1991).
Tectonically uplifted marine terraces expose long chronosequences in
which soil development reflects the combined influence of climate,
sediment supply, and surface stability, and have been used to trace
chemical weathering rates and soil-profile evolution over Quaternary
timescales (Munster & Harden, 2002; White et al., 2009; Sauer et al.,
2010; Hesp & Martinez, 2007). Stabilised aeolian dunes exhibit sys-
tematic pathways of soil development and organic matter incorporation
(Pye & Tsoar, 2008; Muhs, 2013), while loess deposits layered by suc-
cessive glacial cycles reveal progressive changes in clay content and
carbonate morphology that record long-term pedogenesis (Harden et al.,
1991; Liu, 1985). Fig. 1 schematically illustrates these geomorphic set-
tings and their role as starting surfaces for pedogenic chronosequences.

Axis 2: Order (Fig. 2)

The order in which surfaces are generated and modified exerts a
strong influence on chronosequence structure. Vreeken (1975) first
distinguished pre-incisive from post-incisive sequences, a distinction
later expanded into broader typologies that include time-transgressive
and compound chronosequences (Huggett, 1998). Pre-incisive se-
quences involve surfaces of similar age that diverge following formation
due to post-formational factors such as microtopography, vegetation, or
hydrology (Vreeken, 1975; Nanson & Croke, 1992; Hupp & Osterkamp,
1996). Post-incisive sequences arise when successive depositional or
constructional events generate surfaces of contrasting ages, as in stepped
fluvial or marine terraces (Vreeken, 1975; Huggett, 1998).

Time-transgressive sequences develop progressively along spatial
fronts such as deltas, dune fields, or retreating glaciers, where soil
development mirrors shifting boundaries of deposition or exposure
(Matthews, 1992; Huggett, 1998). Compound sequences integrate
multiple processes, producing complex patterns that require careful
disentanglement and independent age control to establish robust chro-
nologies (Johnson & Miyanishi, 2008; Phillips, 2015). Chronosequences
should therefore not be regarded as linear progressions, but as dynamic
systems with multiple potential developmental pathways, whose sta-
bility and expression depend on interactions among soils, landforms,
biological processes, and disturbance regimes (Phillips, 2015). Fig. 2
summarises the main sequence-order types discussed here.

Axis 3: Control

In principle, the chronosequence approach is most robust when
climate, biota, relief, and parent material remain effectively constant,
allowing differences among sites to be attributed primarily to time
(Jenny, 1941). In practice, such conditions are rarely met. Johnson and
Miyanishi (2008) emphasised that assumptions of comparability are
often untested, while Huggett (1998) noted that low-control chro-
nosequences, in which several state factors co-vary, introduce substan-
tial uncertainty. Field evidence illustrates these limitations: for example,
marine terrace chronosequences in southern Italy reflect not only sur-
face age but also variation in sediment supply and microclimate (Sauer
et al., 2010). Chronosequences should therefore be viewed as approxi-
mations rather than perfect natural experiments, and the degree of
control over confounding factors is central to the assumptions
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Marine terraces

Fig. 1. Axis 1 - Schematic representation of the principal geomorphic settings used to construct pedogenic chronosequences, including glacial moraines, volcanic
surfaces, fluvial and marine terraces, aeolian dunes, and loess deposits. The figure illustrates how contrasting surface origins provide the initial conditions for soil

development. The figure was created in R using ggplot2, magick, and patchwork.

Pre-incisive Post-incisive

Time-transgressive Compound

2

Fig. 2. Axis 2 — Sequence order. Conceptual illustration of the principal chro-
nosequence types (pre-incisive, post-incisive, time-transgressive, and com-
pound), showing how surfaces of different ages are arranged in space and time.
The figure emphasises that chronosequences may follow multiple develop-
mental pathways rather than a single linear sequence. The figure was created in
R using ggplot2, magick, and patchwork.

underlying space—for-time substitution (Walker et al., 2010).

Axis 4: Scale

Chronosequences span a wide range of temporal scales. Some cap-
ture relatively short intervals of years to decades, providing high-
resolution insight into early pedogenic changes following afforestation
or land-use conversion (Alvaro-Fuentes et al., 2014; Walker et al., 2010).
Others extend across Quaternary or even Neogene surfaces, encom-
passing hundreds of thousands to millions of years (Birkeland, 1999;
Bockheim et al., 2008). High-resolution sequences with closely spaced
age intervals allow detection of subtle transitions, whereas low-

resolution sequences capture broader developmental trends. As Hug-
gett (1998) noted, temporal scale and resolution constrain both the
questions that can be addressed and the reliability of the inferences that
can be drawn.

2.2.3. Additional descriptors (“bonus” characteristics)

Beyond the four principal axes, several additional descriptors further
refine the interpretation of chronosequences by capturing dimensions
that are not strictly structural but strongly influence soil development.
The first is the disturbance regime, which determines whether soils
develop under relatively stable conditions or are periodically reset by
events such as fire, flooding, mass movement, or human activity (Pickett
& White, 1985; Johnson & Miyanishi, 2008). Disturbance frequency and
intensity can therefore alter both the pace and direction of pedogenesis.

A second descriptor is successional directionality, which distin-
guishes between progressive trajectories, where pedogenic features and
organic matter tend to accumulate, and regressive trajectories, where
processes such as leaching, erosion, or nutrient depletion dominate.
These contrasting directions are not mutually exclusive and may occur
sequentially or episodically within the same chronosequence, depending
on environmental context and feedbacks (Vitousek & Farrington, 1997;
Walker & del Moral, 2003).

A third descriptor concerns the coupling between soil development
and ecological succession. Although vegetation dynamics and pedo-
genesis frequently co-evolve, their trajectories may decouple under
threshold behavior, disturbance, or shifts in dominant controls, leading
to mismatches between above- and below-ground development
(Matthews, 1992; Walker et al., 2010).

Finally, the bioclimatic context strongly conditions both the rate and
pathway of pedogenesis, with markedly different developmental tempos
documented across humid tropical, temperate, and polar environments
(Birkeland, 1999; Bockheim, 2020).

Taken together, these additional descriptors (Fig. 3) complement the
four principal axes by explicitly situating chronosequences within their
disturbance history, ecological dynamics, and climatic setting, thereby
improving interpretation without introducing additional structural
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Fig. 3. Additional descriptors of chronosequences. Conceptual representation of
four supplementary descriptors that refine chronosequence interpretation:
disturbance regime, successional directionality (progressive versus regressive
tendencies), soil-vegetation coupling, and bioclimatic context. The figure il-
lustrates how these descriptors modulate chronosequence expression without
defining its primary structural axes. The figure was created in R using ggplot2,
magick, and patchwork.

assumptions.

Chronosequences are the empirical arrangement of sites differing in
age, whereas space-for-time substitution (SFT) is the inferential strategy
used to draw temporal or developmental conclusions from that
arrangement.

2.3. The Space-for-Time substitution (SFT): Theoretical foundations and
critiques

The SFT framework infers long-term ecological and pedogenic
change from spatial comparisons among sites of different ages, under the
assumption that non-temporal drivers remain sufficiently constant to
allow age-related differences to be isolated (Walker et al., 2010).

From this perspective, SFT studies can be interpreted as natural ex-
periments in which the focal contrast is defined by an intervention or
system state, whether directly manipulable (e.g. land-use change) or
only theoretically manipulable (e.g. deglaciation or volcanic surface
exposure).

From an inferential perspective, however, SFT can be interpreted as
approximating comparisons among alternative system trajectories
associated with different system states, rather than as direct compari-
sons across time.

Importantly, the nature of the intervention has direct implications
for inference. Interventions that are directly manipulable (e.g. land-use
change or agricultural management) are more closely aligned with
experimental or policy-relevant contexts, but are also more prone to
confounding due to non-random assignment. In contrast, non-
manipulable interventions (e.g. deglaciation or volcanic surface expo-
sure) are often more strongly constrained by physical processes, which
can make the corresponding counterfactual trajectories more clearly
defined, albeit less directly actionable.

Under this interpretation, each site within a chronosequence repre-
sents one realisation of a system trajectory associated with a given
system state, while alternative trajectories corresponding to other states
remain unobserved. SFT approaches therefore rely on implicit compar-
isons between observed and unobserved (counterfactual) trajectories,
approximated through spatial contrasts among sites.
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In this framework, the effect trajectory can be formally defined as the
difference between potential SOC trajectories under alternative system
states, thereby making explicit that chronosequences approximate
comparisons across interventions unfolding over time, rather than time
itself as a causal driver.

Formally, let Yl@ (t) denote the SOC outcome for soil volume i at time
t under system state (or intervention) a. For two alternative states a and
b, the effect trajectory can be written as

) = v (t) - Y (t).

At any given time t, only one potential trajectory is observed for a given
soil volume, while the alternative remains counterfactual.

This interpretation is consistent with the potential outcomes frame-
work, in which causal effects are defined as comparisons between out-
comes under alternative states or treatments (Rubin, 1974; Holland,
1986; Imbens & Rubin, 2015). In this sense, chronosequences can be
interpreted as natural experiments only insofar as they approximate
contrasts between observed and counterfactual system trajectories,
whose validity depends on the plausibility of the wunderlying
assumptions.

Originating in studies of ecological succession, SFT has been widely
adopted in soil science to investigate SOC accumulation, nutrient
cycling, and pedogenic development (Pickett, 1989; Huggett, 1998;
Peltzer et al., 2010). Building on earlier conceptual contributions (
Huggett, 1998; Johnson and Miyanishi, 2008; Pickett, 1989; Jenny,
1941), the logical foundation of the SFT approach can be synthesised
into five core assumptions. Although rarely formalised explicitly, these
assumptions define the conditions under which spatial contrasts
approximate differences among system trajectories, enabling inference
on long-term dynamics.

However, because alternative trajectories cannot be directly
observed, SFT-based inference relies on strong and often untestable as-
sumptions regarding comparability among sites and the absence of
confounding factors.

Assumption 1 — Site comparability

SFT presumes that sites differ primarily in time since initiation of the
focal system state or intervention, while other soil-forming factors
(climate, biota, relief, and parent material) remain comparable
(Huggett, 1998; Jenny, 1941).

This condition underpins the interpretation of sites as representing
alternative system trajectories, such that observed differences can be
attributed differences in system development rather than to confound-
ing variation in environmental or historical conditions.

In practice, even subtle heterogeneity can drive divergent trajec-
tories. Classic studies documented contrasting vegetation and soil
development on adjacent Alaskan moraines differing only in micro-
topography (Fastie, 1995), while land-use legacies produced persistent
soil contrasts in New England forests (Foster et al., 1998). More recent
work has shown that variability in soil geochemistry (Reichenbach et al.,
2023) and unaccounted environmental heterogeneity (Huang et al.,
2024) can obscure or distort temporal signals.

Assumption 2 — Deterministic trajectories

Chronosequence studies often assume that soils and ecosystems
follow unidirectional and predictable developmental pathways,
reflecting classical succession theory.

Under this assumption, system trajectories are sufficiently regular
across sites to allow spatial contrasts to approximate temporal dy-
namics. However, numerous studies demonstrate divergence, contin-
gency, and path dependence. At Mount St. Helens, similar initial
conditions produced markedly different successional outcomes (del
Moral et al., 1995), while long-term syntheses revealed contrasting soil
and nutrient dynamics within ostensibly comparable chronosequences
(Peltzer et al., 2010).

These findings are consistent with broader critiques of deterministic
bias in SFT approaches and with evidence for non-linear behavior and
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multiple potential trajectories (Blois et al., 2013; Damgaard, 2019).

Assumption 3 — Absence of legacy effects

The SFT framework implicitly assumes that differences among sites
reflect age alone, rather than the imprint of past disturbance or land use.

In this sense, legacy effects act as sources of confounding, as they
introduce variation in system trajectories that is independent of time
since initiation of the focal state.

In reality, legacy effects—defined as persistent alterations caused by
historical events (Cuddington, 2011)—are widespread and often long-
lasting. Forest soils in Europe and North America retain chemical and
structural signatures of former agriculture centuries after abandonment
(Dupouey et al., 2002; Foster et al., 2003), and recent syntheses indicate
that legacy effects frequently outweigh contemporary environmental
drivers (Lovell et al., 2023).

Assumption 4 — Linear and monotonic responses

SFT approaches commonly presume that soil and ecosystem prop-
erties change gradually and monotonically with increasing age,
implying that differences among sites can be interpreted as successive
stages along a single trajectory.

Growing evidence challenges this assumption. Nutrient stocks and
productivity often peak and subsequently decline during ecosystem
retrogression, as documented in Hawaiian and New Zealand chro-
nosequences (Vitousek & Farrington, 1997; Vitousek, 2004; Wardle
et al., 2004; Peltzer et al., 2010).

Successional trajectories may also diverge due to stochastic coloni-
sation, priority effects, or threshold behavior (Johnson & Miyanishi,
2008), while spatial gradients can respond asynchronously to age
(Lovell et al., 2023). These patterns indicate that pedogenesis and suc-
cession rarely follow simple linear trajectories (Walker et al., 2010).

Assumption 5 — Stability of external drivers

Finally, SFT assumes that external drivers such as climate, atmo-
spheric deposition, and disturbance regimes remain stable across the
spatial array of sites, ensuring that observed differences reflect system
development rather than shifts in external forcing.

In reality, these drivers often fluctuate on timescales comparable to
soil development, introducing variability unrelated to age (Damgaard,
2019). Examples include disturbance-mediated shifts in ecosystem
structure (Fraterrigo & Rusak, 2008), microclimatic buffering and
divergence (De Frenne et al., 2013), and anthropogenic influences that
interact with climate variability (Vitousek & Farrington, 1997). Recent
studies show that land-use history and climatic variability can interact to
obscure temporal signals in SOC chronosequences (Lovell et al., 2023;
Huang et al., 2024).

Together, these five assumptions define the logical structure of the
SFT framework while also delineating its principal sources of uncer-
tainty. Their critical evaluation underscores the need for careful study
design, explicit testing of comparability, and independent validation
when chronosequences are used to infer long-term SOC dynamics.

Table 1 summarises the core SFT assumptions and the main factors

documented to violate them in ecological and pedological
chronosequences.
Table 1
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2.4. What can (and Can’t) chronosequences tell Us?

Chronosequences provide one of the few empirical approaches for
examining long-term soil and SOC dynamics within human research
timescales. They do not directly reconstruct temporal change, but
approximate contrasts among alternative system trajectories under the
assumptions of space—for-time substitution.

Well-designed studies have documented SOC accumulation
following afforestation and land-use change, recovery after agricultural
abandonment, and pedogenic development on Quaternary to Neogene
surfaces (Guo & Gifford, 2002; Paul et al., 2002; Laganiere et al., 2010;
Poeplau & Don, 2013; Birkeland, 1999; Bockheim, 2020). Meta-analyses
indicate broadly consistent patterns of SOC recovery for specific tran-
sitions, particularly afforestation and cropland abandonment, although
responses remain context-dependent (Post & Kwon, 2000; Deng et al.,
2016).

At the same time, chronosequence inference is often constrained by
threshold behavior, non-linear responses, and historical contingencies.
Under such conditions, SFT substitution may struggle to separate vari-
ation due to system development (Johnson & Miyanishi, 2008; Walker
et al., 2010; Blois et al., 2013; Damgaard, 2019).

Relative to manipulative experiments, SFT studies generally offer
weaker control over intervention assignment and are therefore more
vulnerable to confounding; relative to longitudinal observational
studies, they extend inference across much longer timescales but usually
lack direct baseline measurements, which limits causal attribution un-
less baseline conditions are physically well constrained, as in some
primary successions. In particular, chronosequences do not directly
observe baseline SOC stocks, which are a major potential confounder in
carbon dynamics. Abrupt or asynchronous shifts in vegetation, micro-
bial communities, and nutrient dynamics further challenge temporal
inference, while external drivers such as climate variability, disturbance
regimes, and land-use history can distort chronosequence patterns
(Fraterrigo & Rusak, 2008; De Frenne et al., 2013; Lovell et al., 2023;
Huang et al., 2024). At broader spatial scales, spatially explicit model-
ling approaches have also been used to reconstruct soil organic carbon
patterns and their controlling factors, as shown by large-scale multi-
variate SOC mapping in the Loess Plateau grasslands (Wang et al.,
2018).

Despite these limitations, SOC often exhibits more coherent temporal
patterns than other soil properties, particularly in surface horizons
where organic inputs and organo-mineral interactions dominate (Paul
et al., 2002; Laganiere et al., 2010; Cotrufo et al., 2013; Zinn et al.,
2005). Consistent SOC trajectories have been reported across a wide
range of systems, including Mediterranean conservation agriculture
(Alvaro-Fuentes et al., 2014), subtropical afforestation (Qiu et al.,
2015), grassland restoration (Liu et al., 2017), wetlands (Zhang et al.,
2024), and tropical mine-land reclamation (Kumar et al., 2023).

Overall, chronosequences demonstrate that soils exhibit interpret-
able patterns of carbon dynamics associated with system development.
Their value lies not in reconstructing exact chronologies, but in con-
straining plausible SOC trajectories under explicit inferential

Core assumptions of the Space—for-Time Substitution (SFT) framework and main sources of violation.

Assumption Core idea

Evidence of violation

Key references

1. Site comparability Sites differ primarily by age.

Microtopography, land-use legacies, geochemical

Fastie, 1995; Foster et al., 1998; Reichenbach et al., 2023;

heterogeneity. Jenny, 1941
2. Deterministic Predictable, unidirectional Divergent succession and nutrient dynamics. del Moral et al., 1995; Peltzer et al., 2010; Blois et al.,
trajectories pathways. 2013
3. Absence of legacy No historical imprint. Persistent agricultural and disturbance legacies. Dupouey et al., 2002; Foster et al., 2003; Lovell et al.,
effects 2023
4. Linear/monotonic Gradual, monotonic change Non-linear patterns, retrogression, priority effects. Vitousek & Farrington, 1997; Wardle et al., 2004; Peltzer
change with age. et al., 2010
5. Stable external drivers  Climate and disturbance Disturbance variability, microclimates, Damgaard, 2019; Fraterrigo & Rusak, 2008; De Frenne
constant. anthropogenic inputs. et al., 2013
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assumptions and informing mechanistic understanding of carbon for-
mation, transformation, and stabilisation.

3. Mechanisms of SOC formation and stabilization
3.1. Conceptual models

3.1.1. From humification to the soil continuum

In early soil science, humus was conceived as a stable and inert
fraction of SOC, formed through the progressive transformation of plant
residues into complex, dark-coloured compounds resistant to microbial
decomposition (Liebig, 1840; Waksman, 1936; Kononova, 1966; Ste-
venson, 1994). This humification paradigm assumed that persistence
increased with molecular complexity, positioning humic substances as
the principal long-term carbon reservoir in soils (Burdon, 2001; Gug-
genberger, 2005). A related explanation, selective preservation, attributed
SOC persistence to the intrinsic chemical recalcitrance of specific plant-
derived compounds that resisted microbial attack (Berg & Staaf, 1980;
Liitzow et al., 2006; Klotzbiicher et al., 2011).

By the late twentieth century, these static views were increasingly
replaced by process-based frameworks. The progressive decomposition
model and the Soil Continuum Model described soil organic matter (SOM)
as a continuum of plant residues and microbial products undergoing
continuous turnover, with persistence governed by accessibility, pro-
tection, and interaction with minerals rather than by inherent chemical
inertness (Bosatta & Agren, 1991; Trumbore, 1997). This shift culmi-
nated in the soil continuum perspective, which conceptualises SOC as a
dynamic assemblage constantly reshaped by microbial processing and
organo-mineral associations (Kleber and Lehmann, 2019; Lehmann and
Kleber, 2015.

Empirical advances accelerated this conceptual transition. Molecular
and isotopic analyses failed to detect discrete, stable humic macromol-
ecules in soils, instead revealing heterogeneous mixtures of relatively
small organic compounds characterised by rapid transformation and
repeated recycling (Schmidt et al., 2011). In this contemporary view,
SOC persistence emerges from environmental context rather than
intrinsic chemical properties, namely physical protection, chemical
stabilisation, and microbial mediation (Janzen, 2024).

Fresh or

respiration (CO
Carbon losses
through microbial
respiration (CO)
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3.1.2. The MEMS framework and the POM-MAOM duality

A major advance beyond the recalcitrance paradigm was the Mi-
crobial Efficiency—Matrix Stabilization (MEMS) framework (Fig. 4),
which placed microorganisms at the center of SOC formation and
persistence (Cotrufo et al., 2013). In this framework, SOC stability
emerges from the efficiency with which microbes process organic inputs
and from the subsequent stabilization of microbial products within the
soil matrix, rather than from the intrinsic resistance of plant polymers.
Microorganisms thus regulate the partitioning of carbon among alter-
native SOC pathways, including respiratory losses, particulate organic
matter (POM), and mineral-associated organic matter (MAOM).

Microbial efficiency is commonly expressed as carbon use efficiency
(CUE), or alternatively as substrate use efficiency (SUE), both describing
the proportion of assimilated carbon allocated to growth and biosyn-
thesis rather than respiration (Manzoni et al., 2012; Sinsabaugh et al.,
2013; Cotrufo et al., 2013). High efficiency promotes microbial biomass
and necromass production, which are the primary precursors of MAOM,
whereas low efficiency favours respiratory losses and the persistence of
plant-derived material as POM (Allison, 2014; Kallenbach et al., 2016;
Lavallee et al., 2020). Efficiency reflects trade-offs between growth and
the energetic costs of extracellular enzyme production and is strongly
modulated by nutrient availability and stoichiometric constraints
(Manzoni et al., 2012; Sinsabaugh et al., 2013).

These processes underpin the POM-MAOM framework, which dis-
tinguishes relatively fast-cycling particulate pools from slower, mineral-
controlled pools that dominate long-term SOC storage (Lavallee et al.,
2020; Cotrufo et al., 2022). Although POM was traditionally viewed as a
transient pool, recent isotopic and imaging studies indicate that it
functions as a key interface where microbial processing, aggregation,
and initial organo-mineral associations occur, contributing indirectly to
MAOM formation (Angst et al., 2021; Witzgall et al., 2021).

Microbial efficiency and POM-MAOM partitioning are context-
dependent, shaped by microbial traits, nutrient status, and environ-
mental conditions, and ultimately constrained by mineral sorption ca-
pacity (Tao et al., 2023; He et al., 2024). Recent modelling efforts,
including MEMS2, integrate microbial efficiency, POM-MAOM dy-
namics, and flux measurements to project SOC trajectories under land-
use and climate change, providing a quantitative bridge between

esidues (POM

Plant litter and root derived inputs
enter the soil as particulate organic
matter (POM).

robial C transformation
Microbes decompose POM. producing

robial products bind to clay and

/_\‘ ‘
g | metal oxides, forming stable MAOM
O (mineral-associated organic matter).

process

o Plant lilter and rool-derived inpuls enter the soil as parliculale organic matter (POM).

® Microbes and their enzymes decompose these residues, transforming POM into microbial biomass and
necromass.
e A portion of this carbon is lost as CO, through microbial respiration, while the remaining microbial

products interact with clay minerals and metal oxides to form mineral associated organic matter (MAOM),
the most stable pool of soil carbon.

Fig. 4. Pathways of soil organic carbon (SOC) formation and stabilization. Plant-derived inputs enter the soil as particulate organic matter (POM) and are processed by
microorganisms. Carbon is either respired as CO; or transformed into microbial biomass and necromass that can be stabilized through association with clay minerals,
Fe/Al oxides, and short-range-order phases, forming mineral-associated organic matter (MAOM). The figure summarizes the conceptual basis of the MEMS and

POM-MAOM frameworks. Figure created with BioRender (Greco, 2025).
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process-based theory and long-term SOC dynamics inferred from chro-
nosequences (Falvo et al., 2025).

3.1.3. Beyond MEMS: Integrative frameworks

Building on the MEMS framework, recent research has converged on
integrative models that emphasise the joint roles of microbial process-
ing, mineral capacity, and ecosystem constraints in regulating SOC
persistence. A central concept is carbon saturation, which posits that
MAOM accumulates with increasing fine-mineral surface area up to a
finite capacity, beyond which additional inputs follow alternative
pathways, remaining as POM or being mineralised (Six et al., 2002;
Stewart et al., 2007). Sorptive stabilisation is therefore constrained by
the availability and accessibility of reactive mineral surfaces.

Mechanistically, saturation arises from competition for sorption sites
and from heterogeneity in adsorption energies, with high-affinity sites
filled first and progressively weaker associations conferring diminishing
stabilisation (Kleber et al., 2007). Even near capacity, mineral-
associated carbon remains dynamic, as fresh inputs can displace older
molecules through exchange processes, indicating that sorptive stabili-
sation is not permanent (Kaiser & Guggenberger, 2000; Sollins et al.,
2009; Keiluweit et al., 2015). Recent syntheses further distinguish
theoretical, observed, and effective saturation, highlighting that cli-
matic, biological, and structural constraints often prevent soils from
reaching their full potential (Georgiou et al., 2022, 2025).

Within this framework, microbial necromass has emerged as a domi-
nant precursor of persistent SOC. Isotopic tracer studies show that a
substantial fraction of microbial biomass carbon persists after cell death,
with residues such as amino sugars forming the backbone of MAOM
(Liang et al., 2017, 2019; Miltner et al., 2012). This mechanism un-
derpins the microbial carbon pump concept, adapted from marine systems
to soils, whereby microbial turnover transfers organic matter into rela-
tively stable pools. However, necromass contributions vary with parent
material and vegetation, reflecting interactions between microbial
communities and mineral substrates (Li et al., 2024).

Two additional dimensions integrate into this perspective. First, the
vertical distribution of SOC: a large proportion of global SOC stocks re-
sides below 30 cm, where mineral-associated pools dominate and sta-
bilization is strongly influenced by rooting depth and vegetation type
(Jobbagy & Jackson, 2000). Second, the priming effect, whereby fresh
organic inputs can accelerate the decomposition of older carbon,
including deep and long-residence-time pools, thereby linking short-
term microbial activity with long-term SOC trajectories (Fontaine
et al., 2007; Kuzyakov et al., 2000).

Finally, long-term ecosystem development introduces a retrogressive
dimension. In highly weathered, nutrient-poor systems, progressive
phosphorus limitation can reduce productivity and SOC stocks despite
increasing soil age, as documented in classic chronosequences such as
those of Hawaii, where carbon accumulation peaks at intermediate
stages and declines on substrates older than one million years (Vitousek
& Farrington, 1997; Wardle et al., 2004; Peltzer et al., 2010).

Taken together, these integrative frameworks indicate that SOC
persistence emerges from interactions among microbial efficiency,
mineral capacity, nutrient stoichiometry, and ecosystem development,
operating across spatial and temporal scales and shaping long-term SOC
trajectories. This synthesis provides a mechanistic basis for interpreting
long-term SOC patterns observed along chronosequences.

3.1.4. Chronosequence perspectives: Natural experiments on SOC dynamics

Chronosequences provide a unique empirical framework to evaluate
conceptual models of SOC formation and stabilization by embedding
microbial, mineralogical, and ecosystem-scale processes within long-
term pedogenic trajectories. Rather than serving as descriptive time-
lines, chronosequences can be interpreted as approximate natural ex-
periments in which the mechanisms outlined in Sections 3.1.1-3.1.3 can
be assessed across gradients of soil age, mineral development, and
ecosystem maturity. Within this perspective, each stage of a
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chronosequence represents a realised system trajectory under specific
conditions, implicitly contrasted with alternative, unobserved trajec-
tories (counterfactual system states).

Early stages of soil development, particularly in primary successions
such as glacial forefields, are consistently characterized by rapid SOC
accumulation dominated by plant-derived inputs and POM. Classic
studies at Glacier Bay documented the tight coupling between vegeta-
tion establishment, nitrogen inputs, and incipient soil development
(Crocker and Major, 1955; Fastie, 1995; Matthews, 1992). More recent
chronosequence analyses confirm that young soils initially store the
majority of SOC in surface horizons, with limited mineral association
(Bradley et al., 2014; Spinola et al., 2024). These early stages align with
MEMS predictions that low mineral capacity and developing microbial
communities favour POM accumulation and relatively high turnover
rates.

As pedogenic development progresses along the chronosequence,
soil development progressively increases mineral sorption capacity,
reflecting a redistribution of SOC across pools and depths. Chronose-
quence evidence from glacial, volcanic, and temperate forest systems
consistently shows an increasing contribution of MAOM with soil age,
accompanied by slower apparent accumulation rates in surface horizons
(Lawrence et al., 2015; Fedenko et al., 2024). This vertical and func-
tional reorganization supports the view that long-term SOC persistence
is governed less by input quantity than by mineral controls and micro-
bial processing efficiency.

Volcanic chronosequences provide strong empirical tests of mineral-
mediated stabilization. In Hawaiian and Icelandic systems, the forma-
tion of short-range ordered minerals promotes rapid MAOM accumula-
tion and high SOC stocks at intermediate stages of soil development
(Arnalds, 2004; Vilmundardottir et al., 2018). However, these same
chronosequences also demonstrate the limits of mineral protection:
prolonged weathering, phosphorus depletion, and declining productiv-
ity lead to ecosystem retrogression and SOC loss on the oldest substrates
(Vitousek & Farrington, 1997; Wardle et al., 2004; Peltzer et al., 2010).
These non-monotonic trajectories directly challenge assumptions of
linear SOC accumulation and illustrate how mineral capacity, nutrient
availability, and biological inputs jointly constrain long-term carbon
storage.

Across coeval surfaces, divergent SOC trajectories further illustrate
the role of path dependence and local controls. Basaltic landscapes at
Craters of the Moon and Iceland exhibit striking contrasts in SOC stocks
among soils of similar age, driven by differences in loess input, micro-
topography, and vegetation (Vaughan et al., 2011; Vilmundardottir
et al., 2018). Such divergence exemplifies the probabilistic nature of
chronosequences and supports network-based interpretations of soil
development rather than single deterministic pathways (Phillips, 2015).
Taken together, chronosequences provide robust empirical constraints
on SOC mechanisms by revealing (i) a general shift from
POM-dominated to MAOM-dominated storage with increasing soil
development, (ii) the central role of mineral capacity and microbial
processing in stabilizing SOC, and (iii) the frequent occurrence of
non-linear and context-dependent trajectories, including retrogression.

Their primary contribution lies in constraining plausible SOC tra-
jectories under explicit inferential assumptions and in providing
empirical benchmarks for process-based models.

3.2. The role of mineralogy and pedogenesis

If pedogenic development defines the broad SOC trajectories,
mineralogy largely determines their persistence. Across chro-
nosequences, pedogenetic processes progressively generate reactive
mineral surfaces that enhance SOC stabilization, while over longer
timescales weathering, leaching, and nutrient depletion can erode this
capacity (Chadwick & Chorover, 2001).
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3.2.1. Conceptual framework: Mineral surfaces and carbon capacity

The persistence of SOC is strongly governed by its interaction with
mineral phases. Sorption onto clays and Fe/Al oxides, cation bridging,
and aggregate occlusion reduce microbial accessibility and prolong
carbon residence times. Hassink (1997) first quantified the relationship
between fine mineral fractions and MAOM, providing the empirical
basis for saturation models. In this framework, MAOM increases with
reactive surface area up to a finite capacity, beyond which additional
inputs follow alternative pathways, remaining as POM or being miner-
alized (Six et al., 2002; Stewart et al., 2007).

Importantly, organo-mineral associations are dynamic rather than
permanent. Even near saturation, fresh inputs can displace older com-
pounds through exchange processes, such that mineral protection
operates as a “revolving door” rather than a fixed sink (Kaiser & Gug-
genberger, 2000; Sollins et al., 2009; Kleber et al., 2007). Mineralogical
composition therefore exerts a decisive control: soils rich in clays, Fe/Al
oxides, or pedogenic carbonates exhibit higher MAOM capacity than
quartz-dominated substrates (Hassink, 1997; Lehmann & Kleber, 2015;
Georgiou et al., 2025). In calcareous soils, Ca?t mediates additional
stabilization through cation bridging and carbonate-associated binding
(Rowley et al., 2018).

Recent syntheses distinguish between theoretical mineral capacity
and an effective capacity constrained by climate, productivity, and
pedogenic context. At continental scale, effective MAOM capacity ex-
plains why many agricultural soils approach saturation yet remain
vulnerable to SOC loss, whereas undersaturated soils exhibit higher
sequestration efficiency (Georgiou et al., 2022; Breure et al., 2025).
These patterns are repeatedly expressed along chronosequences, where
increasing mineral development enhances stabilization until long-term
pedogenesis or nutrient limitation reverses the trend. Importantly,
mineral protection is not uniform: MAOM comprises fractions with
contrasting turnover times, reflecting heterogeneous and patchy organic
coatings on mineral surfaces rather than a single, fully protected pool
(Underwood et al., 2024). This heterogeneity helps explain why chro-
nosequences often display continued SOC turnover even in soils
approaching mineral saturation.

Overall, mineral stabilization emerges as a dynamic equilibrium
rather than a terminal state, shaping SOC persistence along pedogenic
trajectories, consistent with the soil continuum model in which POM
and MAOM span a gradient of turnover times.

3.2.2. Short-range ordered minerals and Andisols

Volcanic ash soils (Andisols) represent an extreme expression of
mineral control on SOC stabilization. Andosolization, first described by
Duchaufour (1970), involves the rapid weathering of volcanic glass and
the formation of short-range ordered (SRO) minerals such as allophane,
imogolite, ferrihydrite, and Al-Fe-humus complexes (Shoji et al., 1993).
These phases provide exceptionally high reactive surface area, micro-
porosity, and ligand-exchange capacity, favouring strong sorptive pro-
tection of organic matter (Parfitt, 2009).

Despite occupying less than 1% of the Earth’s land surface, Andisols
are estimated to store approximately 3-5% of global SOC stocks,
underscoring the disproportionate role of SRO minerals in the terrestrial
carbon cycle (Dahlgren et al., 2004; Rasmussen et al., 2018). Field ev-
idence confirms this exceptional capacity. In New Zealand hill-country
soils, increasing allophane content was associated with higher reten-
tion of carbon, nitrogen, and phosphorus and reduced leaching losses
(Parfitt et al., 2009). In Hawaiian Andisols, SRO minerals preferentially
retained dissolved aromatic compounds derived from litter, promoting
long-term MAOM formation, particularly in subsurface horizons
(Kramer et al., 2012).

Chronosequences on volcanic substrates illustrate how this high
reactivity translates into rapid SOC accumulation following surface
exposure. Tephra-derived soils in Iceland accumulated SOC rapidly after
deglaciation, tightly coupled to the formation of Al- and Fe-rich SRO
phases (Arnalds, 2004; Vilmundardottir et al., 2014). At the molecular
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scale, this stabilization is mediated by nanoparticle-driven aggregation
and micropore entrapment, which protect both microbial necromass and
dissolved organic matter (Wagai & Mayer, 2007).

However, volcanic chronosequences also reveal the limits of SRO-
dominated stabilization. With progressive weathering and leaching,
SRO minerals transform into more crystalline clays, while base cations
and phosphorus are depleted. In Hawaii, severe phosphorus limitation
drives ecosystem retrogression and SOC decline despite the continued
presence of reactive mineral surfaces (Vitousek & Farrington, 1997).
Along the Kohala climosequence, a rainfall threshold of ~ 1400 mm
marks the transition from SRO dominance to halloysite formation,
accompanied by major SOC losses (Chadwick et al., 2003). Declining
SOC with depth has also been documented in volcanic soils of the Pacific
Northwest, even where SRO minerals persist, highlighting the combined
role of vertical carbon inputs and pedogenic transformation (Lawrence
et al., 2015).

The progressive increase in mineral reactivity and its implications for
SOC stabilization and subsequent decline along volcanic chro-
nosequences are summarized schematically in Fig. 5.

3.2.3. Mineralogical pathways of SOC stabilization across loess, terrace,
dune, and carbonate chronosequences

Across loess deposits, fluvial and marine terraces, coastal dunes, and
carbonate-rich soils, chronosequences consistently show that mineral-
ogical evolution exerts a first-order control on long-term SOC stabili-
zation (Birkeland, 1999; Harden et al., 1991; Sauer et al., 2010). In these
systems, pedogenesis progressively modifies mineral surfaces, aggrega-
tion pathways, and nutrient availability, thereby shaping both the
magnitude and persistence of SOC stocks (Hassink, 1997; Six et al.,
2002).

In loess-derived landscapes, pedogenic clay formation, illuviation,
and the accumulation of secondary oxides enhance the capacity of soils
to stabilize organic carbon through mineral association (Gile et al.,
1966; Muhs et al., 1996; Deng et al., 2016). Chronosequences developed
on loess therefore tend to exhibit an increasing dominance of MAOM
with soil age, reflecting expanding reactive surface area and increasingly
efficient organo-mineral interactions (Hassink, 1997; Stewart et al.,
2007). However, loess systems are also sensitive to external forcings:
episodic dust inputs, climatic oscillations, and land-use change can
partially reset or obscure trends associated with stages of system
development, complicating strict SFT interpretations (Birkeland, 1999;
Mubhs et al., 1996; Sauer et al., 2010).

Fluvial and marine terraces represent geomorphically ordered sys-
tems in which pedogenesis proceeds on surfaces of contrasting age under
relatively stable boundary conditions (Harden, 1982; Sauer et al., 2010,
2012). Along these chronosequences, progressive clay illuviation,
decalcification, rubification, and Fe-oxide accumulation promote a shift
of SOC from particulate to mineral-associated pools (Harden, 1982;
Baisden et al., 2002). At advanced stages of terrace development, SOC
persistence is therefore dominated by MAOM, with long residence times
reflecting strong mineral protection (Baisden et al., 2002). Model-based
approaches further highlight the constraints of simulating SOC dy-
namics along terrace chronosequences. In a Holocene marine-terrace
sequence in southern Norway, Sauer et al. (2012) used the SoilGen
model to reproduce clay translocation and soil acidification with
reasonable accuracy. However, the model systematically under-
estimated surface SOC stocks and cation exchange capacity, indicating
that bioturbation, soil structure, and organic-mineral interactions were
insufficiently captured. This mismatch underscores that even physically
based pedogenetic models struggle to reproduce SOC stabilization
mechanisms observed in chronosequences, particularly where biological
processes exert strong control.

Carbonate-rich soils follow a partially distinct stabilization pathway.
Here, calcium-mediated organo-mineral interactions, including cation
bridging and carbonate-associated binding, provide an alternative
mechanism for SOC persistence under neutral to alkaline conditions
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Silicate clay minerals Fe/Al (hydr)oxides

Moderate reactivity
OM binds via cation bridging (Ca?*,
Mg?*) and electrostatic interactions
on clay surfaces.

High reactivity
OM forms strong inner-sphere
bonds with Fe/Al oxides through
ligand exchange.
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SRO minerals MAOM accumulation

Persistent storage
MAOM forms through SRO-driven
ligand exchange and nanopore
sorption.

Very high reactivity
OM binds strongly to allophane
and imogolite via ligand exchange
and inner-sphere complexation,
forming highly stable organo—
mineral interfaces.

Fig. 5. Progressive increase in mineral reactivity from clays to SRO minerals, leading to persistent MAOM accumulation in Andisols. Figure created with BioRender

(Greco, 2025).

(Rowley et al., 2018). Pedogenic carbonate precipitation can promote
aggregate cementation, reducing microbial accessibility and enhancing
physical protection of organic matter (Fernandez-Ugalde et al., 2014).
These processes may compensate for relatively low clay contents and
generate substantial mineral-associated SOC pools, particularly in
Mediterranean and semi-arid environments (Poeplau & Don, 2013;
Rowley et al., 2020). At the same time, carbonate systems remain sen-
sitive to nutrient imbalances, especially phosphorus limitation, which
can constrain long-term carbon inputs (Spohn et al., 2016; Novak et al.,
2020).

Long-term coastal dune chronosequences highlight the interplay
between mineralogical limitation and ecosystem retrogression. Devel-
oped primarily on quartz- or carbonate-rich sands with low inherent
sorptive capacity, these systems often display non-monotonic SOC tra-
jectories (Turner & Laliberté, 2015). Initial stabilization is driven by
vegetation establishment, aggregation, and limited mineral association,

Table 2

but prolonged pedogenesis and progressive nutrient depletion can ulti-
mately reduce productivity and SOC stocks (Walker & Syers, 1976;
Peltzer et al.,, 2010). Despite declining total SOC, microaggregate-
protected carbon and specific biochemical fractions may persist, indi-
cating a reorganization rather than a complete loss of stabilization
mechanisms (Mou et al., 2025). Chronosequences also reveal the verti-
cal redistribution of SOC: while carbon initially accumulates in surface
horizons, long-term stabilization is associated with its transfer into
deeper mineral horizons and carbonate-enriched layers (Jobbagy &
Jackson, 2000).

The quantitative expression of these mineralogical path-
ways—including age ranges, SOC trajectories, dominant pools, and
controlling factors—is synthesised in Table 2, which consolidates evi-
dence from representative chronosequences across contrasting sub-
strates and pedogenetic contexts.

Representative SOC chronosequences across mineralogical settings. Chronosequences are ordered by age and summarize dominant SOC trajectories, indicative quantitative
ranges, and mineralogical controls on stabilization across loess, terrace, dune, volcanic, and carbonate systems.

Chronosequence Substrate & Typical age SOC trajectory
archetype dominant range (qualitative)
mineralogy

Dominant stabilization
mechanisms

Representative references

Clay-forming temperate

Loess; pedogenic

Decades-10°-10°

Progressive SOC increase —
MAOM dominance; slowing

Rapid SOC gain — peak —

accumulation; stable MAOM

shaped) SOC trajectories

systems (loess, fluvial & clays; Fe oxides yr
marine terraces) accumulation with age
Volcanic SRO-dominated Volcanic ash; 102-10° yr
systems (Andisols) allophane, decline (retrogression)
imogolite,
ferrihydrite
Primary successions systems  Glacial sediments; 10'-10% yr Fast surface SOC
(glacial forefields) incipient mineral accumulation; delayed
surfaces MAOM formation
Carbonate-rich systems Calcareous soils; 10-10% yr Moderate SOC
pedogenic
carbonates fractions
Nutrient-limited sandy Quartz or 10%-10° yr Non-monotonic (hump-
systems (coastal dunes) calcareous sands;
low clay

Clay illuviation, Fe-oxide
sorption, aggregation

SRO mineral sorption,
Al-Fe complexes,
micropore entrapment

Vegetation
establishment, N
fixation, early
pedogenesis

Ca®* bridging,
carbonate-associated
binding, aggregation
Vegetation control,
aggregation, biochemical
protection

Baisden et al., 2002; Chang et al., 2011;
Deng et al., 2016; Harden, 1982; Sauer
et al., 2010, 2012

Arnalds, 2004; Chadwick et al., 2003;
Kramer et al., 2012; Vilmundardottir

et al., 2014, 2018; Vitousek and
Farrington, 1997

Bradley et al., 2014; Crocker and Major,
1955; Spinola et al., 2024

Novak et al., 2020; Poeplau and Don,
2013; Rowley et al., 2018, 2020; Spohn
et al., 2016

Walker & Syers, 1976; Turner &
Laliberté, 2015; Mou et al. 2025
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3.3. Vegetation and organic inputs

Vegetation succession can be interpreted as a sequence of system
states generating distinct SOC trajectories over time. It regulates the
quantity and quality of organic inputs and their partitioning between
particulate and mineral-associated pools.

Aboveground litter, root-derived inputs, and mycorrhizal associa-
tions differentially contribute to SOC formation by controlling microbial
processing, nutrient acquisition, and carbon transfer belowground,
thereby mediating mineral stabilization pathways (Section 3.2) and
shaping chronosequence-based SOC trajectories (Section 3.1.4) through
their effects on microbial carbon use efficiency and organo-mineral
interactions (Allen, 1991; Facelli & Pickett, 1991; Cotrufo et al., 2013;
Wardle et al., 2004; Clemmensen et al., 2013; Lavallee et al., 2020).

3.3.1. Primary successions and glacial forefields

In glacier forefield chronosequences, the observed trajectory under
deglaciation is implicitly contrasted with a counterfactual trajectory
under continued glaciation, which is typically assumed to remain
strongly constrained by physical conditions and therefore relatively
invariant in terms of SOC dynamics. This interpretation relies on the
assumption that, under continued glaciation, SOC stocks remain
approximately constant over time, such that the counterfactual trajec-
tory can be approximated by observing currently glaciated soils.

Glacial forefield chronosequences provide natural laboratories to
trace the interplay between vegetation succession and SOC accumula-
tion during primary succession. At Glacier Bay, Alaska, early studies
documented rapid carbon gains within the first decades following
deglaciation, coincident with the establishment of pioneer vegetation
and the onset of soil development (Crocker and Major, 1955; Matthews,
1992). Evidence from glacier forefield chronosequences indicates that
SOC generally increases across early stages of system development,
although accumulation rates vary strongly with climate, being highest in
temperate regions and slowest in polar environments (Bradley et al.,
2014; Crocker and Major, 1955; Fastie, 1995; Matthews, 1992).

Mechanistic insights from Glacier Bay highlight the pivotal role of
biological nitrogen inputs during early succession. N-fixing pioneer
species such as Dryas drummondii and Alnus sinuata substantially enrich
young soils through atmospheric nitrogen fixation, thereby alleviating
nitrogen limitation and enabling subsequent SOC accumulation. As
succession progresses and Picea sitchensis becomes dominant, nitrogen
cycling slows and ecosystem development transitions toward more
conservative nutrient dynamics (Bormann & Sidle, 1990; Chapin et al.,
1994; Hobbie et al., 1998).

Comparable processes have been documented in other glacial fore-
fields. In the Peruvian Andes, cyanobacterial colonization within 4-5
years of deglaciation markedly enhanced soil stability, enzymatic ac-
tivity, and nitrogen fixation, providing the earliest microbial-derived
carbon inputs prior to the establishment of mosses or vascular plants
(Schmidt et al., 2008). In the Hailuogou Glacier forefield (south-western
China), soil food-web complexity increased over a ~ 120-year chro-
nosequence in parallel with SOC and nutrient accumulation, while the
oldest sites exhibited signs of ecosystem retrogression associated with
phosphorus limitation (Lei et al., 2015).

Microbial functional groups track these successional trajectories.
Phosphorus-cycling (phoD-harbouring) bacterial communities follow
distinct developmental pathways in bulk versus rhizosphere soils as pH,
SOC, and nitrogen availability change along the chronosequence as
system development progresses (Bai et al., 2020), while diazotrophic
communities carrying the nifH gene increase along the chronosequence
and correlate positively with SOC and total nitrogen stocks (Wang et al.,
2021).

Together, these findings indicate that early SOC gains in primary
succession are driven by tight plant-microbe feedbacks and external
nitrogen inputs, which enhance microbial efficiency and promote the
initial formation of both POM and incipient MAOM pools, whereas later
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stages increasingly reflect nutrient constraints and the potential onset of
retrogressive dynamics (Walker & del Moral, 2003; Vitousek et al.,
2010).

3.3.2. Secondary successions

Secondary successions, triggered by abandonment or afforestation,
occur on soils with pre-existing organic matter pools, where changes in
vegetation composition govern SOC recovery. Afforestation of former
croplands generally increases SOC, although responses are temporally
heterogeneous and may include limited gains or transient declines
during early stages, followed by clearer increases over longer timescales
(Laganiere et al., 2010; Paul et al., 2002; Poeplau & Don, 2013).

SOC increases are typically concentrated in surface horizons, sup-
ported by enhanced litter inputs and aggregation processes that promote
the stabilization of particulate organic matter into mineral-associated
pools via increased microbial processing and organo-mineral in-
teractions (Cong et al., 2015). Species identity further modulates these
trajectories, with broadleaf stands generally promoting faster SOC re-
covery than conifers, particularly in young stands, and afforestation
often improving soil quality through increased mineral-associated car-
bon and nutrient retention (Hou et al., 2020; Guo et al., 2020).

Old-field successions display variable recovery pathways depending
on vegetation type and time since abandonment. Long-term chronose-
quence studies indicate that SOC recovery is fastest during the first de-
cades following abandonment, whereas deeper soil layers recover much
more slowly, such that early gains largely reflect redistribution within
the soil profile rather than sustained net accumulation (Knops & Tilman,
2000; Vesterdal et al., 2002). Over longer timescales, however, net in-
creases in whole-profile SOC may emerge.

In Mediterranean landscapes, where secondary succession is con-
strained by water limitation and disturbance, SOC increases following
agricultural abandonment are generally lower and more variable,
reflecting strong controls exerted by climate and vegetation structure
(Novara et al., 2017). Nonetheless, woody encroachment and forest
development can enhance SOC and nitrogen pools locally, even where
recovery remains incomplete relative to reference ecosystems (Bell
et al., 2021; Sciubba et al., 2021).

Syntheses consistently indicate that afforestation and abandonment
lead to positive SOC trajectories on average, while long-term outcomes
depend on vegetation type, climate, and site conditions (Don et al.,
2011; Kalinina et al., 2011; Kurganova et al., 2015; Post and Kwon,
2000; Sanderman et al., 2017). Beyond empirical chronosequences,
ecosystem modelling highlights the persistence of vegetation legacies,
suggesting that forest regrowth and related land-cover changes could
contribute an additional ~ 126 Gt C to terrestrial carbon uptake between
2015 and 2099, exceeding the net effects projected for future climate
and land-use change alone (Krause et al., 2020).

The corresponding quantitative ranges reported in these studies are
summarised in Table 3.

3.3.3. Functional traits and mycorrhizal associations

Functional traits of plants and their symbiotic partners exert a
decisive control on SOC dynamics by shaping both the quantity and
quality of organic inputs and their pathways into persistent pools. Litter
chemistry, tissue stoichiometry, and root morphology help determine
whether organic matter persists as particulate detritus or is rapidly
incorporated into MAOM through microbially mediated transformations
(Cotrufo et al., 2013; Ward et al., 2023). Alpine and boreal studies
demonstrate that slower-growing species with resilient litter and dense
rooting promote longer SOC residence times, while fast-growing herbs
increase turnover and mineralization (Bokhorst et al., 2017; Korner,
2003).

Myecorrhizal associations add another functional layer. Ectomycor-
rhizal (EcM) and arbuscular mycorrhizal fungi (AMF) differ in enzy-
matic capabilities and nutrient acquisition strategies, leading to
contrasting effects on SOC stabilization. Global syntheses revealed that
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Table 3
Reported quantitative SOC responses across secondary succession chro-
nosequences following agricultural abandonment or afforestation.

Chronosequence Vegetation SOC trajectory Key references
archetype transition (qualitative)
Afforestation of Cropland — Delayed SOC gains; Paul et al., 2002;
croplands forest early surface Laganiere et al.,
increases, mineral 2010; Poeplau &
SOC stable; long- Don, 2013;
term net gain Vesterdal et al.,
(0.3-0.9% yr ) 2002
Old-field succession ~ Cropland — Rapid early SOC Knops & Tilman,
herbaceous recovery (~0.2 Mg 2000
Cha? yr'l),
slowing over time
Mediterranean Cropland — Variable SOC gains Novara et al.,
secondary shrubland / (~5-40 Mg C ha™l), 2017; Bell et al.,
succession forest climate-limited 2021; Sciubba
et al., 2021
Global syntheses Multiple Mean SOC gains Don et al., 2011;
pathways ~0.3-0.5 Mg Cha!  Kalinina et al.,
yr! 2011; Post and
Kwon, 2000;
Sanderman et al.,
2017

Values are reported as in the original studies and may differ in units.

EcM-dominated ecosystems store more SOC per unit nitrogen than AMF-
dominated ones, highlighting mycorrhizal type as a key determinant of
carbon sequestration efficiency (Averill et al., 2014). AMF can boost
belowground C allocation and restructure microbial communities,
particularly under low phosphorus availability (Huang et al., 2023),
while roots and AMF hyphae have distinct management-dependent ef-
fects on SOC fractions and mineralization (Huang et al., 2025).

These dynamics interact with microbial efficiency and nutrient
cycling: mycorrhizal fungi influence the POM-MAOM balance via ag-
gregation processes, nutrient competition, and necromass production
and thereby regulate the efficiency of carbon transfer into mineral-
associated pools (Clemmensen et al., 2013; Spohn et al.,, 2016). In
Mediterranean calcareous soils, AMF have been linked to increased
glomalin production and microaggregate stabilization, while in forested
systems, EcM may mobilize organic-bound nitrogen and potentially
reduce SOC persistence (Novak et al., 2020). Thus, vegetation—fungal
partnerships not only govern input chemistry and microbial processing,
but also shape long-term SOC trajectories along successional gradients.

3.4. Natural disturbances and destabilization

Disturbances can be interpreted as discrete shifts in system state that
alter the balance between inputs and stabilization of soil organic carbon,
often triggering rapid SOC losses that outpace recovery; chro-
nosequences are invaluable for tracing the resulting trajectories of SOC
decline and eventual recovery (Chapin et al.,, 2011; Johnson and
Miyanishi, 2008).

3.4.1. Fire and flood-driven destabilization of SOC

Wildfires induce abrupt SOC losses through the combustion of
organic soil layers, while simultaneously generating pyrogenic organic
matter (PyC), a chemically altered carbon pool that can persist in soils
over centennial timescales (Nave et al., 2011; Santin et al., 2016). The
magnitude of SOC loss is primarily controlled by fire severity and burn
depth. Low- to moderate-intensity fires often spare mineral-associated
SOC, whereas severe fires remove forest floors, reduce microbial
biomass, and alter humic substances, leading to long-lasting SOC
depletion (Certini, 2005).

In Mediterranean ecosystems, repeated wildfires exert particularly
strong controls on SOC trajectories by limiting tree regeneration and
driving persistent shifts from pine-dominated forests to shrublands.
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These state transitions substantially reduce long-term carbon inputs
from litter and roots and constrain SOC recovery (Campos et al., 2019;
Mayor et al., 2016; Santana et al., 2016). Although Mediterranean
ecosystems are historically fire-adapted, increasing fire recurrence
shortens regeneration intervals, disrupts seeder-resprouter dynamics,
and ultimately reduces SOC resilience (Pausas & Keeley, 2019). Post-fire
management can partially mitigate SOC losses: mulching and soil cover
treatments reduce erosion and nutrient export, thereby supporting SOC
conservation during recovery phases (Prats et al., 2021; Prats et al.,
2023).

Floods and fluvial disturbances represent a contrasting disturbance
regime, capable of both destabilizing SOC through erosion and
enhancing long-term storage through burial under overbank sediments
(Nanson & Croke, 1992; Hupp & Osterkamp, 1996). Floodplain chro-
nosequences reveal how alternating phases of erosion, deposition, and
vegetation succession create stratified SOC archives that integrate
disturbance history over decadal to millennial timescales. Chronose-
quence studies in forested floodplains show progressive SOC accumu-
lation with successional age, reflecting increasing biomass inputs and
sediment stabilization following channel migration and overbank
deposition (Wigginton et al., 2000). Together, fire- and flood-driven
chronosequences illustrate how disturbance frequency and intensity
can truncate, reset, or redirect SOC trajectories, leaving persistent leg-
acies that can only be resolved through SFT approaches under explicit
assumptions. The main quantitative responses of soil organic carbon to
fire- and flood-driven disturbances reported across chronosequence
studies are synthesised in Table 4.

3.5. Anthropogenic controls on SOC trajectories

Human activities can be interpreted as deliberate modifications of
system state that alter SOC trajectories by modifying inputs, disturbance
regimes, and stabilization pathways. Among these, agriculture repre-
sents the dominant anthropogenic driver of SOC change at the global
scale.

Agricultural intensification, through deep tillage, high fertilizer in-
puts, and irrigation, has consistently accelerated SOC losses by
degrading soil structure and stimulating mineralization, thereby
undermining long-term soil health (Lal, 2016). Conversely,
conservation-oriented agricultural management can promote SOC sta-
bilization by enhancing aggregate formation and organo-mineral pro-
tection, even under intensive land use (Kan et al., 2022).

Unlike natural disturbances, these interventions are often non-
randomly distributed across landscapes, as management decisions are
influenced by site-specific conditions such as soil fertility, productivity,
and accessibility. This introduces potential confounding and selection
effects, which complicate the interpretation of chronosequence-based
comparisons as approximations of alternative system trajectories.

3.5.1. Agricultural management and SOC trajectories

Transitions from conventional tillage to reduced or no-tillage sys-
tems generally favour SOC recovery in agricultural soils, although
apparent gains are often confined to near-surface layers and require
long-term management continuity to persist (West & Post, 2002). The
largest benefits are observed when reduced tillage is combined with
residue retention and diversified crop rotations, highlighting the central
role of management intensity in agricultural SOC trajectories (Kan et al.,
2022).

Robust inference of SOC sequestration under reduced tillage requires
full-profile sampling (VandenBygaart et al., 2011) and long-term ob-
servations (Powlson et al., 2014), as well as careful consideration of
initial soil conditions and management history, which may act as con-
founding factors in chronosequence-based comparisons. Cover crops
further enhance SOC in croplands by increasing organic inputs and
stimulating microbial processing, leading to consistent SOC gains rela-
tive to control systems (Poeplau & Don, 2015).
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Table 4

Quantitative SOC responses to natural disturbances across chronosequence studies.

Geoderma 469 (2026) 117813

Disturbance
regime

Ecosystem context

SOC trajectory

Indicative quantitative
response

Dominant mechanisms

Key references

Fire regime
(single —
recurrent)

Forest ecosystems
(temperate-Mediterranean)

Rapid SOC loss;
constrained recovery
under high recurrence

Forest floor C — 40-60%;
mineral SOC — 10-15%j;
recovery truncated with

Combustion of organic
horizons; microbial biomass
loss; PyC formation

Nave et al., 2011;
Certini, 2005; Santana
etal., 2016

Fire-driven state
shift

Mediterranean pine forests —
shrublands

Long-term SOC decline

Flood-driven Alluvial floodplains (temperate Net SOC gain via burial

burial regions)
Floodplain Forested floodplains Progressive SOC
succession accumulation

recurrence

Persistent SOC reduction due to
reduced litter/root inputs

SOC burial ~ 0.5-1.6 kg C m™%;
sequestration 5-18 g C m~= yr!

SOC increases toward mature
reference levels over ~ 50 years

Vegetation transition;
reduced C inputs; altered
nutrient cycling
Overbank deposition;
physical protection by
burial

Vegetation succession;
sediment stabilization

Campos et al., 2019;
Mayor et al., 2016;
Pausas & Keeley, 2019
Hoffmann et al., 2009;
Hoffmann et al., 2013

Wigginton et al., 2000;
Walling et al., 2006

Reported values represent study-specific estimates derived using different depth intervals, temporal scales, and methodological approaches. Accordingly, values
should be interpreted as indicative ranges illustrating the magnitude and direction of SOC changes rather than as directly comparable measurements across studies.

Organic amendments, particularly manures, promote SOC accumu-
lation in agricultural soils by supplying stabilized organic matter and
nutrients, with positive effects observed across a wide range of climates
and management systems (Maillard & Angers, 2014; Gross & Glaser,
2021). At the landscape scale, structural land management interventions
can further modify SOC trajectories: recent evidence from the Chinese
Loess Plateau indicates that terracing significantly increases soil organic
carbon stocks by reducing erosion and enhancing soil stability (Wang
et al., 2024). Overall, agricultural systems that integrate reduced tillage,
residue retention, cover crops, and organic amendments tend to show
more favourable SOC trajectories, although outcomes remain strongly
dependent on sampling depth and management continuity (Table 5).

Meta-analyses further indicate that organic farming systems enhance
SOC concentration and storage relative to conventional agriculture,
reflecting the combined effects of reduced disturbance and increased
organic inputs (Zhao et al., 2024).

3.5.2. Land-use legacies beyond active agriculture

Chronosequences of agricultural abandonment suggest that soils
depleted by cultivation can gradually regain SOC; however, these

Table 5

trajectories depend critically on the assumption that continuously
managed systems represent a valid counterfactual trajectory, against
which abandoned soils are implicitly compared. In abandonment chro-
nosequences, SOC recovery is interpreted relative to an implicit coun-
terfactual of continued cultivation; this comparison is only credible if
continuously cropped fields provide a valid proxy for what abandoned
sites would have been without abandonment, an assumption that may be
violated by selection bias and pre-existing differences among fields.

This assumes that SOC dynamics in continuously cultivated soils are
temporally stable and comparable across sites—an assumption that is
strong and generally untestable within SFT designs, particularly if
abandonment is non-random and preferentially occurs on degraded or
marginal lands (Hooker & Compton, 2003).

In causal terms, continuously cultivated systems are implicitly
treated as the counterfactual trajectory for abandoned soils. This
assumption is strong and generally untestable within SFT designs, as it
requires that these systems would have followed comparable trajectories
in the absence of abandonment. Violations of this assumption—partic-
ularly due to non-random intervention assignment or site selec-
tion—introduce potential confounding and selection bias, thereby

Reported quantitative SOC responses to agricultural management practices and anthropogenic land-use legacies, as documented by long-term experiments, chro-

nosequence studies, and meta-analyses.

Driver / trajectory System / context Typical SOC response Indicative quantitative Dominant controls Key references

archetype range*

Agricultural Global croplands Long-term SOC depletion ~133 Pg C lost (top 2 m, Tillage, fertilization, Sanderman et al., 2017
intensification (“soil carbon debt™) global estimate) irrigation, erosion

Reduced soil Croplands (long-term SOC increase, often ~+40.3-0.6 Mg C ha'! yr! Aggregate formation, West & Post, 2002; VandenBygaart
disturbance experiments) surface-biased (0-30 cm) reduced mineralization et al., 2011; Powlson et al., 2014

Increased organic Croplands (cover Consistent SOC gains ~+40.3 Mg C ha! yr? Input quantity, microbial Poeplau & Don, 2015
inputs crops, residues) (0-30 cm) processing

Organic Croplands (manure- Strong SOC increase ~+10 Mg C ha™! Stabilized inputs, nutrient Maillard & Angers, 2014; Gross &
amendments based systems) (cumulative, sampled co-limitation Glaser, 2021

layer)

Organic farming

Croplands (meta-

Higher SOC concentration

InRR SOC conc. 0.09-0.15;

systems analyses) and stocks SOC stock 0.05-0.21

Agricultural 0Old fields (temperate  Gradual SOC recovery ~+40.2 Mg C ha! yr?
abandonment regions)

Afforestation of Temperate regions Long-term SOC ~+15-20 Mg C ha! over
croplands accumulation ~ 200 yr

Post-mining Central Europe Initial SOC gains, declining ~ <0.1 Mg C ha™' yr-! at later
(reclaimed) rates stages

Post-mining (tree Tropical mine lands Accelerated SOC recovery ~+14 Mg Cha™ in ~ 20 yr
planting)

Post-mining Central Europe Very slow SOC increase ~0.5 - 1.3% SOC (topsoil,
(unreclaimed) decades)

Urban soil sealing

Urban systems
(Europe)

Near-irreversible SOC loss

~4.2 Mt SOC lost
(2012-2018)

Reduced disturbance,
higher inputs

Vegetation succession, N
recovery

Mineral association, forest
inputs

Soil development,
vegetation cover
Biomass inputs, rooting
depth

Limited inputs, poor
structure

Sealing, loss of inputs

Zhao et al., 2024

Hooker & Compton 2003

Paul et al. 2002; Vesterdal et al. 2002
Frouz et al. 2008; Frouz 2013
Kumar et al.,2023

Wos et al., 2023

O’Riordan et al., 2021; Téth et al.,
2022

Reported values represent study-specific estimates derived using different depth intervals, temporal scales, and methodological approaches. Accordingly, values
should be interpreted as indicative ranges illustrating the magnitude and direction of SOC changes rather than as directly comparable measurements across studies.
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limiting causal interpretation.

Similarly, afforestation of former croplands promotes long-term SOC
accumulation, particularly within mineral-associated pools, reflecting
progressive stabilization during soil redevelopment (Paul et al., 2002;
Vesterdal et al., 2002; Poeplau & Don, 2015).

Post-mining chronosequences illustrate contrasting anthropogenic
legacies unrelated to ongoing agricultural management. In Central
Europe, SOC initially accumulates in reclaimed sites but accumulation
rates decline as soils age (Frouz et al., 2008; Frouz, 2013). In tropical
mine lands, reclamation with tree planting accelerates SOC recovery
relative to spontaneous succession (Kumar et al., 2023), whereas unre-
claimed sites exhibit slow and limited SOC increases over multiple de-
cades (Wos et al., 2023).

Urbanization imposes one of the most persistent anthropogenic im-
prints on SOC trajectories. Soil sealing drastically reduces organic car-
bon and nutrient pools, with limited potential for recovery even over
long timescales, as shown by case studies comparing sealed surfaces
with adjacent green areas (O’Riordan et al., 2021). At broader scales,
regional assessments document cumulative SOC losses attributable to
urban land take, indicating near-irreversible reductions in soil carbon
storage capacity (Toth et al., 2022).

Together, these land-use legacies illustrate how human activities can
either allow slow SOC recovery after agricultural use or impose durable
constraints that fundamentally alter soil carbon trajectories beyond the
reach of natural regeneration.

This highlights the potential for confounding and selection bias in
SFT-based inference, particularly when interventions are non-randomly
distributed across landscapes.

Quantitative SOC responses to agricultural management and
anthropogenic land-use legacies are summarised in Table 5.

As a result, causal interpretation of SOC trajectories inferred from
such chronosequences remains inherently limited, unless these as-
sumptions can be independently supported.

4. Conclusions

Chronosequences demonstrate that soils record long-term carbon
dynamics that cannot be resolved by short-term observations alone. By
substituting space for time, they provide empirical access to processes
unfolding over decades to centuries, revealing patterns of SOC accu-
mulation during early ecosystem development, progressive stabilization
through mineral associations and microbial necromass, and, in some
contexts, long-term decline under nutrient limitation or repeated
disturbance.

From an inferential standpoint, chronosequences are best interpreted
not as direct reconstructions of temporal change, but as approximations
of alternative system trajectories associated with different system states,
whose validity depends on the plausibility of underlying assumptions,
particularly those ensuring site comparability and defining appropriate
counterfactual trajectories. In this sense, chronosequences approximate
comparisons across interventions unfolding over time, rather than time
itself as a causal driver.

Although chronosequences rely on simplifying assumptions, they
consistently reveal robust patterns that link SOC dynamics to vegetation
succession, mineralogy, microbial processes, and climate. Their value
lies not in reconstructing exact temporal histories, but in offering a
perspective that constrains plausible long-term SOC trajectories and
allows conceptual frameworks—such as mineral-associated carbon
saturation and microbial efficiency models—to be evaluated against real
landscapes. When interpreted critically, and under explicit counterfac-
tual assumptions, chronosequences can therefore be interpreted as
approximate natural experiments, whose inferential strength depends
on the plausibility of their underlying assumptions and the degree to
which alternative trajectories are appropriately represented.

Chronosequences are therefore best viewed as complementary to
manipulative experiments and monitoring networks, extending
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inference to temporal domains that cannot be accessed directly while
remaining inherently more assumption-dependent than controlled
experiments.

While short-term studies resolve mechanisms operating over years to
decades, chronosequences integrate cumulative effects, legacies, and
non-linear pathways that shape SOC persistence over much longer
timescales. Together, these approaches provide a more complete un-
derstanding of SOC dynamics across spatial and temporal scales.

Future research will benefit from closer integration between chro-
nosequence evidence, process-based models, and data-driven ap-
proaches. Combining model-data fusion with large soil databases and
spatially explicit observations may improve cross-chronosequence
comparability, help resolve non-linear interactions among mineralogy,
vegetation, climate, and soil biota, and more robustly constrain long-
term SOC dynamics under changing environmental conditions.

Future progress will depend not only on improved chronosequence
design, but also on explicitly integrating inferential frameworks with
mechanistic understanding, thereby strengthening the interpretation of
SOC trajectories across complex and heterogeneous landscapes.

In a loose conceptual sense, this perspective reflects the existence of
multiple possible system trajectories.

Within this framework, chronosequences remain a uniquely power-
ful tool for advancing our understanding of long-term SOC dynamics.
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