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A B S T R A C T

Aggregate hierarchy, the organization by which microaggregates form progressively larger, structurally distinct 
macroaggregates, is central to soil stability, governing resistance to erosion and response to disturbance. How
ever, the mechanisms and extent of hierarchical breakdown remain poorly quantified across different soil types 
and land management. In this study, we addressed this gap by evaluating the stepwise breakdown of soil 
structure into aggregates, driven by incremental sonication energy, across a range of soils differing in mineral 
composition and management practices. By applying a quantitative modelling framework, we derived three key 
parameters: the disruption constant (k₁), reflecting the rate of aggregate breakdown; the dispersion constant (k₂), 
which describes particle release; and the critical energy threshold (Ecrit), which denotes the transition point 
between aggregate disruption and full particle dispersion. These parameters were used to evaluate the degree of 
hierarchy in aggregate breakdown, whereby higher k₁/k₂ ratios signal a pronounced stepwise (hierarchical) 
disintegration, and ratios near unity indicate direct dispersion into clay-sized particles. Our results indicated that 
soils enriched in 2:1 phyllosilicate clay minerals, such as Luvisols, exhibited markedly higher k₁/k₂ ratios in 
larger aggregates, demonstrating a structured, multi-step breakdown process. In contrast, oxide-rich soils like 
Ferralsols and Andosols typically lacked such hierarchy, dispersing rapidly into smaller fractions, which is 
consistent with a stronger role of mineral-mineral binding relative to organic-mediated aggregation. In the 
studied Luvisols, direct seeding was associated with higher stability (higher Ecrit) and a greater degree of hier
archy than conventional tillage, emphasizing the synergistic effects of organic matter input and reduced 
disturbance on soil structural integrity. These findings highlight the mechanistic roles of distinct pedogenic 
groups and management practices in controlling aggregate hierarchy and stability. Our study shows that 
sonication-derived indicators can differentiate not only distinct pedogenic groups but also soil management. 
These indices can be further developed to provide a quantitative insight into the structural organization that 
underpins water retention, erosion resistance, and other soil functions critical for conservation.
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1. Introduction

Soil structure underpins essential ecosystem functions, regulating 
water retention, root development, carbon sequestration, and biotic 
activity, and thereby directly shaping plant productivity and resilience 
to environmental stress (Bronick and Lal, 2005). The most widely 
accepted model for describing how soil components are organized across 
scales is the aggregate hierarchy model (Jarvis et al., 2012). According 
to this model, aggregates result from the physical and chemical in
teractions of binding agents such as organic matter, clay minerals, and 
oxide surfaces, which together give rise to a hierarchical and nested 
organization: microaggregates (<53 µm) serve as the fundamental units 
embedded within larger macroaggregates (>250 µm) (Oades, 1984; Six 
et al., 2004; Totsche et al., 2018). Aggregate stability is determined by 
the interplay between organic binding (via polysaccharides and micro
bial exudates), mineral cohesion (predominantly by clay minerals), and 
cementation by pedogenic oxides and calcium carbonates, with the 
relative roles of these agents varying among soil types and environ
mental settings (Tisdall and Oades, 1982). The aggregate hierarchy 
concept is foundational for understanding how soils resist disturbance 
and retain physical structure, with hierarchical organization linked to 
resilience against erosion, improved water and nutrient cycling, and 
broader ecosystem functioning through its effects on infiltration, 
drainage, plant productivity, and microbial activity (Fatichi et al., 
2020). Traditionally, aggregate hierarchy has been viewed as an 
intrinsic property controlled by mineralogical composition 
(Kögel-Knabner and Amelung, 2021; Oades and Waters, 1991; Six et al., 
2004; Totsche et al., 2018). However, it remains unclear whether hier
archy is a static feature or instead reflects current soil conditions, such as 
organic matter status (Dexter et al., 2008) and recent management (Lal, 
2015).

One of the first attempts to test soil aggregate hierarchy was pro
vided by Oades and Waters (1991) who articulated the hierarchical 
fragmentation hypothesis. This hypothesis describes that soils with 
aggregate hierarchy should exhibit a stepwise breakdown of soil struc
ture, wherein larger, loosely bound macroaggregates are sequentially 
fragmented into microaggregates before dispersion into smaller frac
tions. Later, new evidence revealed that complete dispersion into true 
primary particles is rarely achieved in soil systems, as even under strong 
dispersion energy, persistent associations between mineral particles and 
organic or inorganic binding agents remain (Chenu and Plante, 2006; 
Christensen, 2001). This was observed in soils where aggregate stability 
is controlled by soil organic matter, but not in oxide-rich soils. In this 
way, the aggregate hierarchy could not be extended to all soil types. 
More recently, this notion has been challenged by several studies that 
investigated soil aggregation using microscopy techniques (Asano and 
Wagai, 2014; Vrdoljak and Sposito, 2002). Although these studies 
identified the binding agents responsible for the aggregation, especially 
in the sub-micron range, they were unable to test for the hierarchical 
fragmentation hypothesis as described by Oades and Waters (1991), 
because they did not test for the stepwise breakdown of aggregates.

One major limitation of the approach used by Oades and Waters 
(1991) to test the hierarchical fragmentation hypothesis is that it 
relied on only a few energy-disruption levels. Building on this concept, 
Field et al. (2006) developed a modelling approach based on full 
breakdown curves to quantify the rates and energy thresholds of 
aggregate liberation and subsequent clay dispersion. This approach 
enables the resolution of hierarchical levels through continuous re
lationships between applied energy and aggregate disruption. To date, 
however, this modeling framework has been applied mainly to a narrow 
set of soils, and its performance in soils of different pedogenic groups, 
with contrasting mineral composition, parent materials, and manage
ment histories, has not been systematically evaluated. Applying such 
energy-based, hierarchy-sensitive indices across a broader soil set offers 
an opportunity to move beyond binary stability classes and to test 
whether differences in binding agents and management regimes indeed 

manifest as measurable differences in aggregate hierarchy and stability. 
While numerous empirical approaches exist for assessing aggregate 
stability, such as slaking, wet sieving, or ultrasonic dispersion, a major 
limitation is that they typically use a single, arbitrary energy level, 
thereby classifying aggregates only as “stable” or “unstable” at that 
specific intensity. As a result, these methods provide limited insight into 
how aggregates respond across an energy continuum and are poorly 
aligned with the concept of hierarchy as a gradational property. A 
further critical gap is the influence of anthropogenic factors, such as 
long-term tillage or reclamation practices, which modulate aggregate 
hierarchy by altering the abundance, composition, and distribution of 
binding agents.

This study addresses two major knowledge gaps: (i) whether the 
degree of hierarchical aggregation differs among soils from distinct 
pedogenic groups, and (ii) the extent to which soil management can 
modify this hierarchical organization. To this end, we studied soils from 
contrasting pedogenic groups and managements: Ferralsols and Ando
sols (characterized by microaggregate-dominated oxide cementation), 
Luvisols (featuring variable 2:1 clay and organic matter associations 
under different tillage regimes), a Calcaric Regosol (reclamation/ 
disturbance) in the initial state of formation, and a C-rich Phaeozem. By 
systematically modelling aggregate fraction responses to stepwise ul
trasonic energy, we aim to determine whether pedogenic groups and 
management-related differences manifest in measurable variations in 
aggregate hierarchy.

2. Material and methods

2.1. Soil samples and sample preparation

Soil samples were collected at the A horizon across sites representing 
contrasting soil types and land management systems. Two Cambic 
Luvisols (IUSS Working Group, 2015) samples were obtained from the 
Puch long-term experiment in south-east Germany: one under direct 
seeding (LDS) and one under conventional tillage management (LCT), 
both presenting similar soil texture. In addition, two samples were 
collected from the Garzweiler open-mining area (Germany): a Calcaric 
Regosol (IUSS Working Group, 2015) from a 24-year-old reclamation 
site (CRR, 51◦5′ N, 6◦28′ E, post-mining fields, 5 km west of Greven
broich) and a Luvisol from an adjacent undisturbed reference area (LRS, 
51◦5′N, 6◦28′E, approximately 40 km west of Cologne, Germany) (IUSS 
Working Group, 2015). Additional soils were obtained from distinct 
pedogenic environments: a Ferralsol (FER, 21◦01’37” S 42◦34’12” W, 
Vargem Alegre, Brazil) (IUSS Working Group, 2015), an Andosol (AND, 
20◦ 3′35"N, 155◦43'56"O) from Hawaii, United States, and a Phaeozem 
(PHA, 11.03◦ E, 47.57◦ N, Graswang at an altitude of 860 m above sea 
level) (IUSS Working Group, 2015). The selected soils were chosen to 
represent a broad range of pedological environments, mineralogical 
compositions, and land-use conditions to test the applicability of the 
proposed energy-based framework across contrasting soil systems. 
Specifically, the dataset encompasses soils representing the major 
aggregate stabilization mechanisms described in the literature, 
including phyllosilicate-dominated soils, oxide-rich tropical soils, and 
Andosols characterized by short-range-order minerals, as well as con
trasting management systems to evaluate the sensitivity of the proposed 
framework to land-use-induced changes in aggregate hierarchy. The key 
physicochemical properties of each site are summarized in Table 1.

2.2. Sample sonication

Air-dried samples were gently disaggregated and sieved to obtain a 
fraction smaller than 5 mm. 3 g of soil was immersed in 30 mL of 
deionized water in glass containers (27 mm internal diameter, 96 mm 
height) for sonication. The containers were placed in an ice-water bath 
during sonication to prevent overheating. Because the objective was to 
examine aggregation and disruption processes governed by distinct 
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binding agents, no pre-treatment was applied.
Sonication was performed using a probe-type ultrasonic device 

(Sonopuls HD2200, Bandelin electronic GmbH, Germany) with adjust
able power output. Ultrasound was applied via a cylindrical probe 
(13 mm in length, 20 kHz oscillation frequency) inserted 5 cm into the 
suspension.

Energy input (E) was calculated according to North (1976), with 
probe calibration accounting for the total energy delivered, including 
thermal and conductive losses. Sonication times ranged from a few 
seconds to approximately 28 min, depending on the target energy level 
(Table 2). Sonication periods exceeding 6 min were avoided to prevent 
overheating. Each soil type was analysed in triplicate at all applied en
ergy levels (Table 2). The ultrasonic energy gradients were defined 
individually for each soil because aggregate stability and dispersion 
behavior vary substantially among soil types. Preliminary tests were 
conducted to identify the minimum and maximum energy levels 
required to characterize the complete aggregate liberation and clay 
dispersion curve of each soil. In addition, the selected energy gradients 
ensured that sufficient material smaller than 53 μm was produced to 
exceed the detection limit required for reliable particle-size determi
nation using the Sedigraph. Consequently, although the absolute energy 
ranges differed among soils, each gradient was designed to adequately 
capture the dispersion behavior of the respective soil. Although the use 
of soil‑specific energy gradients allowed complete dispersion curves to 
be captured for each soil, comparisons of the fitted model parameters 
among soils should be interpreted with caution, because these param
eters were derived over different absolute energy ranges.

2.3. Aggregate and particle size distribution

The effect of applied ultrasonic energy on aggregate breakdown was 
assessed by measuring aggregate and particle size distributions at 
increasing energy levels. After sonication, each suspension underwent 
sequential fractionation. First, a gentle wet-sieving procedure separated 
aggregates into > 250 µm and 250–53 µm fractions. Material retained on 
each sieve was transferred to beakers, oven-dried at 105◦C for 24 h, and 
weighed.

The remaining suspension (<53 µm) was subjected to particle size 
analysis using a Sedigraph III Plus (Micrometrics GmbH, Germany), 
which determines particle size distribution via gravitational sedimen
tation coupled with X-ray absorption. Particle size classification fol
lowed Stokes' law (Gee and Or, 2002), resulting in four finer fractions: 
53–20 µm, 20–6.3 µm, 6.3–2 µm, and < 2 µm. The < 53 µm fractions 
were analysed using the SediGraph, while coarse fractions (>53 µm) 
were quantified by sieving. Particle size distribution was expressed as a 
percentage of the initial sample’s dry mass (normalized to 100%). For 
the sieved fractions (>250 µm and 250–53 µm), mass percentages were 
calculated directly from the retained dry weight. For the < 53 µm 
fraction, its mass was calculated by subtracting the combined mass of 
the coarser fractions from the total initial sample weight. Subsequently, 
the proportional contribution of each fine-size fraction (53–20, 20–6.3, 
6.3–2, and <2 µm) was determined using the SediGraph.Fig. 1

2.4. Aggregate disruption and dispersion modelling

To quantify the relationship between applied ultrasonic energy and 
aggregate dispersion, curve fitting was performed as described in Field 
and Minasny (1999). Three characteristic curves were derived:

2.4.1. Soil dispersion characteristic curve (SDCC)
The SDCC describes the cumulative release of clay-sized particles 

(<2 µm) as a function of increasing energy input and follows an expo
nential saturation model: 

SDCC = A0[(1 − exp( − k2)E ) ]

where A₀ represents the total dispersible clay content (%), defined as the 
mass of clay-sized particles released at the maximum applied energy 
level; k₂ is the fitted dispersion rate constant; and E is the applied energy 
(J mL⁻¹).

2.4.2. Aggregate disruption characteristic curve (ADCC)
The ADCC describes the reduction in macro and microaggregate 

fractions (>250 µm, >53 µm, >20 µm, and > 6.3 µm) with increasing 
energy. The ADCC follows a negative exponential model: 

Table 1 
Key physicochemical properties for each of the samples.

Soil type Bulk density Particle density Clay Silt Sand FeOd AlOd TN SOC TC
(g cm-c) (g cm-c) (g kg-a) (g kg-a) (g kg-a) (mg g-a) (mg g-a) (%) (%) (%)

1. Luvisol, conventional tillage 0.921 2.67 - - - - - 0.13 1.23 -
2. Luvisol, direct seeding 1.061 2.65 388b 460b 1522 142b - 0.18 1.76 -
3. Andosolc - 2.42 - - - 81.71 29.30 0.87 8.9 -
4. Ferralsold 1.13 2.69 660 90 250 - - 0.21 3.24 -
5. Calcaric Regosol (24-year reclamation site)e - 2.73 318 653 29 - - 0.05 0.57 1.4
6. Luvisol (reclamations reference site)e - 2.61 - - - - - 0.09 0.97 0.97
7. Phaeozemf 0.5 2.05 615 353 32 19.9 3 1.9 17.44 -

a Data by Krauss et al. (2022);
b data by Wu et al. (2022);
c data by Teixeira et al. (2024);
d data by Inagaki et al. (2020);
e data by Pihlap et al. (2021);
f data by Garcia-Franco et al. (2021). FeOd: dithionite-extracted iron; AlOd: dithionite-extracted aluminum; TN: total nitrogen; SOC: soil organic carbon; TC: total 

carbon. “-“ indicates data not available.

Table 2 
Energy input on each soil sample.

Soil type Applied energy

J/mL

Luvisol (conventional 
tillage)

0 10 30 60 120 260 ​

1. Luvisol (direct 
seeding)

0 10 30 60 120 260 ​

1. Andosol 0 120 260 460 800 1200 1800 ​
2. Ferralsol 0 120 260 460 800 1200 1800 ​
3. Calcaric Regosol 

(24 years 
reclamation site)

0 10 30 60 120 260 ​

4. Luvisol 
(reclamation 
reference site)

0 10 30 60 120 260 ​

5. Phaeozem 0 260 460 800 1200 1800 2400 ​
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ADCC = A0exp( − k1E)+C1 

k₁ is the fitted disruption rate constant, and C₁ represents the residual 
undisturbed fraction remaining at the highest applied energy level 
(mineral particles).

2.4.3. Aggregate liberation and dispersion curve (ALDC)
The ALDC integrates both dispersion and disruption phases, 

capturing the sequential breakdown of aggregates into smaller particles 
and their subsequent dispersion. The ALDC is modeled as a first-order 
consecutive reaction:ALDC = − A0[(exp( − k1)E) − exp( − k2)E ) ] + C2

where C2 accounts for the intermediate fraction (250–2 µm, 
53–2 µm, 20–2 µm, 6.3–2 µm), expressing the balance between aggre
gate disruption and post-liberation dispersion.

To adjust the equations and estimate the disruption and dispersion 
constants (k₁ and k₂), the parameters A₀, C₁, and C₂ were defined as start 
values based on the proportion of each fraction (clay, intermediate, and 
larger) measured at the highest applied energy level for each soil.

2.4.4. Critical energy (Ecrit)
The critical energy (Ecrit) was defined as the energy at which the rate 

of aggregate liberation equals the rate of dispersion. Prior to Ecrit, 
aggregate breakdown dominates; beyond Ecrit, dispersion into clay-sized 
particles is the dominant process. Because Ecrit is derived from the 
intersection of two exponential functions, Equation 4 is only defined 

when k1 ∕= k₂.Ecrit =
ln (

k2
k1
)

k2 − k1

The k₁/k₂ ratio was used to assess the balance between aggregate 
disruption and particle dispersion, providing a quantitative measure of 
aggregate hierarchy. To further explore hierarchical structuring, a 
classification range was established based on the k₁/k₂ ratio:

This classification quantifies the relative dominance of disruption 
versus dispersion, with higher ratios indicating stronger intra-aggregate 
bonding relative to inter-aggregate structuring and a more stepwise 
breakdown process. Fig. 2 illustrates the effect of varying k₁/k₂ ratios on 
the ALDC, where increased hierarchy (higher k₁/k₂) leads to more 
distinct transitions between the disruption and dispersion phases. In the 
simulation shown, all parameters except k2 are held constant to isolate 

the effect of hierarchy on curve morphology.
To investigate aggregate breakdown and dispersion patterns within 

the same soil, we defined discrete particle-size intervals within the 
microaggregate fractions (0–2, 2–6.3, 6.3–20, 20–53, 53–250 µm). The 
mass within each interval was calculated as the difference between 
successive cumulative size classes, enabling quantification of mass 
transfer across size fractions during dispersion (Field et al., 2006). 
Nonlinear regression was performed using the Nonlinear Least Squares 
function in RStudio (R Core Team, 2026), with minpack.lm, and results 
were visualized using OriginPro 2025. Accordingly, as the parameters 
were derived from nonlinear model fitting, comparisons among soils and 

Fig. 1. Methodology scheme of sample preparation, sonication and fractionation.

Fig. 2. Simulated aggregate liberation and dispersion curves illustrating the 
conceptual effect of varying k1/ k₂ ratios on curve shape. The disruption rate 
(k₁) was held constant while only the dispersion rate (k₂) was varied. Higher k1/ 
k₂ ratios produce a longer transition phase (tail), reflecting a more gradual, 
stepwise aggregate breakdown before clay dispersion and, consequently, a 
greater degree of aggregate hierarchy. The figure is intended solely as a con
ceptual illustration and does not represent experimental data.
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size fractions were based on the descriptive interpretation of fitted 
model behavior.

3. Results

3.1. Aggregate hierarchy

Aggregate Liberation and Dispersion Curves (ALDCs) for four 
microaggregate size fractions (2–6.3 µm, 2–20 µm, 2–53 µm, and 
2–250 µm) were generated for the Luvisols, Calcaric Regosol, Ferralsol, 
Andosol, and Phaeozem (Fig. 3). Across all soils except the Phaeozem, 
the k1/k2 ratio decreased with decreasing aggregate size, indicating that 
aggregate hierarchy weakened towards finer fractions and that hierar
chical organization is primarily expressed in larger microaggregates.

In the Luvisols, the highest degree of hierarchy was observed in the 
largest microaggregate fraction (2–250 µm; Fig. 4), where k₁/k₂ ratios of 
7.1 (conventional tillage) and 9.8 (direct seeding) denote an interme
diate hierarchical level (Table 3). As aggregate size diminished, k₁/k₂ 
declined and differences between management systems- narrowed, but 
hierarchy persisted in the finest fraction (2–6.3 µm), with k₁/k₂ values of 
2.4 (conventional tillage) and 2.0 (direct seeding), denoting a reduced 
yet still hierarchical organization. Notably, while the disruption rate 
constant (k₁) was comparable between management systems, the 
dispersion rate constant (k₂) was more than 20% lower under direct 
seeding, indicating that reduced disturbance primarily acts by 
decreasing dispersion rates at the microaggregate scale rather than by 
altering the rate of aggregate disruption.

Similar hierarchical patterns were observed in the Calcaric Regosol 
and the Luvisol at the mining area. Both soils exhibited maximum k₁/k₂ 
ratios in the 2–250 µm fraction (14.15 and 9.01, respectively), indica
tive of high to intermediate aggregate hierarchy in the coarsest micro
aggregates. In both cases, k1/k2 decreased to 1.26–1.67 in the finer 
fractions, suggesting that hierarchical structuring progressively weakens 
at smaller aggregate sizes.

In contrast, the Ferralsol showed k₁/k₂ ratios close to unity across all 
size fractions, consistent with an absence of hierarchical aggregation 
and a more direct dispersion process into clay-sized particles. The 
Andosol expressed a pronounced hierarchy only in the 2–250 µm frac
tion (k₁/k₂ = 33.31), whereas the hierarchical trend largely dissipated 
for smaller aggregate classes. Distinct from the other soils, the Phaeozem 
showed a contrasting pattern: k1/k2 values increased with decreasing 
aggregate size, with the highest ratio (5.46) observed in the 2–6.3μm 
fraction. This indicates that hierarchical organization was not expressed 
in the larger fractions of this soil.

3.2. Critical energy

Critical energy values provided complementary information on the 
resistance of each size fraction to dispersion across soils. Luvisols under 
conventional tillage consistently exhibited lower Ecrit than Luvisols 
under direct seeding in all fractions, indicating greater resistance to 
dispersion under reduced disturbance. This difference was most pro
nounced in the 2–6.3 µm fraction, where Ecrit reached 24.89 J/mL for 
direct seeding and 14.25 J/mL for tilled soil.

At the mining sites, Ecrit ranged from 6.28 J/mL to 27.71 J/mL in the 
Calcaric Regosol from the reclamation area and from 10.67 J/mL to 
29.71 J/mL in the Luvisol from the mining area. In both soils, the 
highest Ecrit values occurred in the 2–6.3 µm fraction, suggesting that the 
finer operational fractions required more energy to reach the transition 
between disruption and dispersion in both reclaimed and reference 
systems.

For the Ferralsol and the Andosol, Ecrit increased in smaller fractions 
but with distinct magnitudes. In the 2–6.3 µm fraction, the Andosol 
required substantially more energy to disperse (655 J/mL) than the 
Ferralsol (459 J/mL), whereas in the 2–250 µm fraction the Ferralsol 
(329 J/mL) was more resistant than the Andosol (65 J/mL).

The Phaeozem displayed the opposite pattern, with larger fractions 
having the highest Ecrit values (2146.14 J/mL for 2–250 µm and 
2288.39 J/mL for 2–53 µm), while smaller fractions exhibited lower 
Ecrit, indicating that larger aggregates in this C-rich soil are highly 
resistant to dispersion whereas smaller aggregates are comparatively 
more susceptible.

4. Discussion

4.1. Aggregate hierarchy across soils from distinct pedogenic groups

The results demonstrate that hierarchical aggregation can be quan
titatively characterized across soils using the k₁/k₂ ratio, which captures 
differences in aggregate disruption and dispersion patterns. This pro
vides a measurable framework for evaluating the degree of hierarchical 
organization in soils, as predicted by the hierarchical fragmentation 
hypothesis. However, while this hypothesis is supported for most soils 
tested, it does not adequately describe the behavior observed in the 
Phaeozem. Unlike previous reports, which established the existence of 
hierarchical aggregation (Six et al., 2004; Tisdall and Oades, 1982), our 
findings show that the degree and strength of hierarchy vary systemat
ically among soils from distinct pedogenic groups. In this sense, the 
energy-resolved k1/k2 framework extends classic aggregate hierarchy 
models by quantifying hierarchy across contrasting mineralogical set
tings and management regimes, rather than treating hierarchy as a bi
nary property. To our knowledge, this relationship has not previously 
been quantified at this level of resolution across diverse soils and man
agement practices, thereby providing a mechanistic basis for comparing 
hierarchical fragmentation among soil types.

Our results reveal that the Luvisols, commonly associated with 2:1 
phyllosilicate minerals (IUSS Working Group, 2015), exhibited inter
mediate aggregate hierarchy, especially in the 2–250 µm size class 
(Table 3, Fig. 4). This pronounced stepwise breakdown supports prior 
hypotheses, and the empirical resolution across size fractions and tillage 
systems suggests an association between management-related organic 
inputs and the maintenance of aggregate hierarchy (Poeplau et al., 
2020). Ferralsol and Andosol samples behaved distinctly from the 
Luvisols from the Puch long-term experiment (LDS and LCT), consistent 
with previous studies that showed a lack of hierarchy in these soils 
(Oades and Waters, 1991). Notably, the Andosol displayed hierarchy 
only in the largest fraction, suggesting a conditional role for organic 
carbon in microaggregate clustering even in highly weathered matrices. 
At the microscale, the apparent lack of hierarchical organization may 
reflect the high stability of mineral associations, driven by cementation 
involving both crystalline and amorphous Fe and Al oxides (Breure 
et al., 2026), as well as potential clay re-aggregation during the exper
imental procedure in Andosols (Inagaki et al., 2020). In this context, 
these data are consistent with the notion that aggregate formation in 
oxide-rich tropical soils relies predominantly on mineral-mineral inter
action, limiting the development of multi-level aggregate frameworks 
(Emerson and Greenland, 1990). The Ecrit denotes the energy level at 
which aggregate disruption and dispersion occur at equal rates, 
providing a measurement of the stability of a given size fraction. 
Microaggregate stability was most pronounced in Ferralsols and Ando
sols, aligning with established concepts of oxide-driven microaggregate 
cementation (Denef et al., 2002; Oades, 1989). Conversely, in the 
Phaeozem, which develops on calcareous and dolomitic parent material, 
characterized by high carbonate content, the model did not adequately 
explain aggregation behavior. Indeed, the low ALDC model fit for the 
2–250 and 2–53 µm fractions (R2 = 0.26 for both, Table 4) indicates that 
the framework may not adequately capture the dispersion behavior of 
the larger Phaeozem fractions. Consequently, the fitted parameters for 
these fractions, including Ecrit, should be interpreted with caution. The 
parent material, primarily composed of limestone and dolomite, con
tains significant amounts of Mg2+ and Ca2+, which Garcia-Franco et al. 
(2021) showed can influence the strength of soil aggregation. Although 
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Fig. 3. Relationship between the total energy applied and proportion of material in the Aggregate Liberation and Dispersion Curves (ALDCs) that shows the 2–6.3 
(clay- and fine silt-sized particles), 2–20 (clay- and silt-sized particles), 2–53 (small microaggregates), and 2–250 (large microaggregates) µm fractions for the 
Ferralsol, Andosol, Luvisol till, Luvisol direct seeding, Luvisol at the mining area), Calcaric Regosol (24 years reclamation site), and Phaeozem.
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the high fitted Ecrit values in the coarser fractions could be compatible 
with greater resistance of carbonate-cemented aggregates to disruption, 
the low model fit prevents a robust interpretation of these values. 
However, we did not directly quantify carbonate distribution within 
aggregates, so this interpretation should be regarded as a mechanistic 
hypothesis informed by known processes rather than a direct confir
mation of carbonate effects in our samples. Taken together, differences 
in Ecrit across size fractions and soil types provide a useful bridge be
tween classic hierarchy concepts and the specific mineralogical controls 
(oxides, carbonates, phyllosilicates) operating in each pedogenic group.

4.2. Hierarchy degree as indices for soil management and reclamation

Our comparison of long-term management and reclamation provides 
evidence that in the studied Luvisol system, conservation management 
was associated with greater aggregate hierarchy and resistance to 
dispersion. In the direct seeding Luvisol (LDS), higher Ecrit values and a 
comparatively greater degree of hierarchy were observed relative to 
conventionally tilled soils (LCT; Table 3). These differences correspond 
with higher soil organic carbon contents measured in the LDS system 
(1.76%, Table 1), supporting the idea that SOC input is a critical factor in 
stabilizing aggregates and promoting hierarchical organization. More
over, it should be kept in mind that mechanical disturbance during 
plowing disrupts aggregates and contributes to a reduction in the degree 
of hierarchy, so both increased SOC and reduced physical disturbance 
act together to differentiate tillage systems (Blanco-Canqui and Lal, 
2010; Six et al., 2000). In this study, lower dispersion constants (k₂) in 
the direct seeding further imply that reduced disturbance not only 
preserves larger aggregates but may also increase their resistance to 
applied energy across all size fractions. We note, however, that our 
experiment was not designed to isolate the individual contributions of 
SOC inputs versus mechanical disturbance, and the mechanistic role of 
each factor should therefore be regarded as inferred from existing 
measurements and literature rather than experimentally confirmed 
here.

These results suggest that k₁/k₂ ratios and Ecrit values may be 

Fig. 4. Variation of k₁/k₂ ratio, critical energy (Ecrit) (A), and rate constants (k₁ and k₂) (B) across soil types and aggregate size fractions.

Table 3 
Proposed classification of aggregate hierarchy based on the relative rates of 
aggregate disruption (k₁) and particle dispersion (k₂).

k1/k2 Hierarchy classification

< 1 No hierarchy: The rate of aggregate disruption is lower than the rate 
of clay-sized particle dispersion.

1 <k1 /k2 

≤ 2
Low hierarchy: The rate of aggregate disruption is up to two times 
higher than the rate of clay-sized particle dispersion.

2 <k1 /k2 

≤ 10
Intermediate hierarchy: The rate of aggregate disruption is two to ten 
times higher than the rate of clay-sized particle dispersion.

> 10 High hierarchy: The rate of aggregate disruption is more than ten 
times higher than the clay-sized particle dispersion.

Table 4 
Model parameters summary for soil dispersion characteristic curves (SDCCs) and 
aggregate liberation and dispersion curves (ALDCs).

Characteristic 
curves

A0 k1 k2 Ecrit Ratio k1/ 
k2a

R²
(%) (mL/J) (J/ 

mL)

Luvisol (direct seeding)
SDCC 23.90 - 0.027 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.270 ​ 9.4 9.8 0.99
2–53 µm ​ 0.129 ​ 15.3 4.7 0.99
2–20 µm ​ 0.115 ​ 16.3 4.2 0.92
2–6.3 µm ​ 0.056 ​ 24.9 2.0 0.99
Luvisol (conventional tillage)
SDCC 28.23 - 0.044 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.309 ​ 7.4 7.1 0.99
2–53 µm ​ 0.245 ​ 8.6 5.6 0.98
2–20 µm ​ 0.175 ​ 10.6 4.0 0.99
2–6.3 µm ​ 0.106 ​ 14.3 2.4 0.90
Calcaric Regosol (24 years reclamation site)
SDCC 20.27 - 0.032 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.454 ​ 6.3 14.2 0.99
2–53 µm ​ 0.100 ​ 16.7 3.1 0.99
2–20 µm ​ 0.057 ​ 23.1 1.8 0.99
2–6.3 µm ​ 0.040 ​ 27.7 1.3 0.99
Luvisol (at mining area)
SDCC 16.36 - 0.026 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.232 ​ 10.7 9.0 0.99
2–53 µm ​ 0.151 ​ 14.1 5.9 0.99
2–20 µm ​ 0.079 ​ 21.1 3.1 0.99
2–6.3 µm ​ 0.043 ​ 29.7 1.7 0.99
Ferralsol
SDCC 57.09 - 0.002 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.004 ​ 329.0 2.0 0.99
2–53 µm ​ 0.003 ​ 405.2 1.4 0.99
2–20 µm ​ 0.003 ​ 414.5 1.3 0.99
2–6.3 µm ​ 0.002 ​ 459.0 1.1 0.99
Andosol
SDCC 35.23 - 0.001 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.056 ​ 64.9 33.3 0.99
2–53 µm ​ 0.002 ​ 514.3 1.3 0.99
2–20 µm ​ 0.002 ​ 597.4 1.0 0.91
2–6.3 µm ​ 0.001 ​ 655.5 0.8 0.99
Phaeozem
SDCC 46.74 - 0.0006 - - ​
ALDC ​ ​ ​ ​ ​ ​
2–250 µm ​ 0.0004 ​ 2146.1 0.6 0.26
2–53 µm ​ 0.0003 ​ 2288.4 0.5 0.26
2–20 µm ​ 0.0016 ​ 983.4 2.8 0.89
2–6.3 µm ​ 0.0032 ​ 651.9 5.5 0.93
a For each soil, the k

2 value derived from the SDCC was used to calculate the k1/k2 
ratio for all ALDC size fractions.

R.L. da Motta Junior et al.                                                                                                                                                                                                                   Soil & Tillage Research 266 (2027) 107485 

7 



potentially useful for differentiating land management systems and 
could be developed as indices for comparative aggregate structural 
status, but further validation is needed before implementation. This 
interpretation is in line with recent energy-based SOC fractionation 
work showing that conservation systems express clearer management 
signals in intact macroaggregate fractions at low ultrasonic energy, 
whereas higher energies resolve more mineral-associated SOC pools 
linked to climate mitigation functions (Wieser et al., 2026). Together, 
such results support the broader use of energy-resolved fractionation to 
capture both management-sensitive aggregate structure and function
ally distinct carbon pools. In comparison with classic aggregate stability 
tests based on single energy levels, our approach therefore provides an 
explicit, quantitative link between management practices, hierarchical 
fragmentation, and energy thresholds for aggregate disruption.

The mining-area soils showed different hierarchy and EcritEcrit 
patterns from the long-term managed Luvisols, although these differ
ences also reflect contrasts in parent material, soil development, and 
reclamation history (Table 3, Fig. 3). The Calcaric Regosol, developed on 
Loess parent material, reflects the inherently fragile structure charac
teristic of Loess, which is particularly susceptible to rapid aggregate 
breakdown under water-induced disruption (Pihlap et al., 2021). Car
bonate cementation (CaCO3) in these soils is susceptible to dissolution, 
weakening aggregate cohesion and accelerating structural degradation 
(Pésci, 1990). The distinct aggregate hierarchy and greater susceptibil
ity to dispersion observed in the reclaimed Calcaric Regosol, relative to 
the reference Luvisol, indicate that the development of complex aggre
gate organization remains influenced by both time since reclamation 
and soil organic carbon accumulation (Dexter et al., 2008; Lal, 2015; 
Pihlap et al., 2021). These findings suggest that hierarchy parameters 
could serve as useful indicators for assessing the structural development 
of reclaimed soils, although further validation across a wider range of 
reclamation systems is still required.

Taken together, these results advance the concept of aggregate hi
erarchy by demonstrating that contrasting pedogenic environments, 
characterized by distinct mineralogical and organic binding agents, 
exhibit different patterns of soil aggregation, resulting in measurable 
differences in aggregate resistance to disruption that are sensitive to 
land management. Differences among size fractions are consistent with 
the conceptual framework proposed by Tisdall and Oades (1982), sug
gesting that macroaggregation is strongly influenced by soil organic 
carbon and transient binding agents, whereas microaggregation appears 
more closely linked to more persistent, pedogenetically derived binding 
agents. However, our data do not provide direct proof of the relative 
contributions of individual binding agents (e.g. CaCO3, SOC quality, clay 
mineralogy) within each size class, and this mechanistic interpretation 
should therefore be viewed as a hypothesis supported by known 
mechanisms and our energy-resolved patterns, rather than a definitive 
causal attribution.

The direct measurement of k1/k2 and Ecrit across soils and size clas
ses, and the demonstration of their responsiveness to mineralogical 
constitution and land management, establish that these parameters 
could be used as operational indicators of aggregate resistance and 
structural resilience. Moreover, these indices enable refined distinctions 
among soil types, management practices, and reclamation efforts, of
fering a practical means of assessing soil structural state. Recent work 
using a two-energy, two-size SOC fractionation scheme (0 and 
60 J mL⁻¹; >50 and <50 µm) has likewise shown that energy-resolved 
size fractions can jointly characterize management-sensitive aggregate 
pools and more stable mineral-associated carbon, providing a frame
work for soil ecosystem health monitoring (Wieser et al., 2026). Inte
grating such SOC-focused approaches with hierarchy-based indices like 
k₁/k₂ and Ecrit could, in future studies, support more comprehensive 
assessments of both structural resilience and biogeochemical func
tioning. Nevertheless, critical gaps remain, particularly regarding the 
temporal dynamics of these indicators, their sensitivity to complex field 
conditions, and their broader predictive power across diverse 

ecosystems and management regimes. Accordingly, the primary 
contribution of the present study is to provide quantitative, cross-system 
patterns in k₁/k₂ and Ecrit that are consistent with known effects of SOC 
and carbonates on aggregation, and that can guide more detailed 
mechanistic work. Future research should aim to bridge these gaps, 
improving our capacity to monitor and manage soil aggregation and 
structural integrity for sustainable land use and ecosystem health.

5. Conclusion

The model employed, which quantifies the liberation and subsequent 
dispersion of soil aggregates across a range of size fractions and energies, 
effectively simulated aggregate breakdown in Ferralsols, Luvisols, 
Andosols, and Calcaric Regosols. However, it was less successful in 
explaining the behavior of the Phaeozem, highlighting limitations where 
carbonate-rich, C-rich systems display more complex dispersion 
behavior. Across all soils except the Phaeozem, the energy required to 
disrupt aggregates generally increased with aggregate size, supporting 
the concept of aggregate hierarchy and enabling quantitative compari
son of fraction-specific behaviors.

Consistent with hierarchical theory, Luvisols exhibited pronounced, 
stepwise breakdown indicative of stronger hierarchy than Ferralsols and 
Andosols, while reclaimed soils displayed intermediate hierarchical 
organization.

Our findings further suggest that aggregate hierarchy can be modu
lated by soil management, extending previous views that considered 
hierarchy primarily as a mineralogically defined soil property. The study 
indicates that hierarchy may instead be a continuous characteristic 
influenced by organic matter inputs and disturbance history, reflecting a 
gradient rather than a binary trait. Therefore, the k1/k2 and Ecrit indices 
should be interpreted as relative descriptors and are most meaningful for 
comparing different management systems within the same soil.

Finally, the modelling approach applied here provides a quantitative 
framework for evaluating this hierarchy gradient, moving beyond 
simplistic stable/unstable classifications toward a more nuanced un
derstanding. Future research is needed to link these modeled hierarchy 
indices with direct characterization of binding agents and to test their 
robustness across diverse soils and management histories.
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