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Abstract
The specific role of each fraction of soil C (i.e., particulate [POC] or mineral-

associated organic carbon [MAOC]) in each soil strength mechanism remains

unexplored. We investigated the relationships of total organic C and its physical frac-

tions with soil strength of two tropical soils (sandy clay loam [SCLsoil] and sandy

clay [SCsoil]). We measured soil strength indicators from oven-dry aggregates [ten-

sile strength (σt)] and some related to soil compaction [precompression stress (σp),

compression index (λ), and penetration resistance (SPR) at constant matric potential

(−100 hPa)]. These soil strength indicators were used as response variables in path

analyses to determine direct effects of C, MAOC, and POC mediated by key physical

strength inducers (bulk density or water content). Results suggest a C role conferring

soil strength verified by positive correlation with tensile strength and SPR increase,

positively influenced by MAOC in SCLsoil and C/POC/MAOC in SCsoil. For SPR,

the C effect was mediated by water content or bulk density (i.e., indirect contribution

for correlation). Organic C, in turn, showed limited effect on soil compressibility.

These findings indicate that increases in soil carbon that enhance aggregate mechan-

ical strength and penetration resistance do not result in reduced soil compressibility

(i.e., resistance to compaction). In sandy clay loam soils, MAOC plays a key role in

increasing soil strength, whereas all carbon fractions contribute to strength gains with

increasing clay content. Thus, while organic carbon can promote beneficial structural

stability in the long term, it may also increase SPR, which affects root growth.

Plain Language Summary
Healthy soil is important for growing crops, and part of what keeps soil strong is the

amount of organic carbon it has. But not all carbon in the soil works the same way. In

Abbreviations: BD, bulk density; ECL, eucalyptus land use; ICL, integrated crop-livestock system; MAOC, mineral-associated organic carbon; NF, native

forest; PA, pasture; POC, particulate organic carbon; SPR, soil penetration resistance; σp, precompression stress (kPa); σt, tensile strength of aggregates (kPa);

λ, compression index.
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this study, we looked at two types of tropical soils to understand how different kinds

of carbon help the soil stay firm and resist being pressed down. We found that carbon

attached to tiny minerals helps the soil stay strong, especially in sandy soils. In a clay

soil, all types of carbon helped. But even when carbon made the soil stronger, it did

not always stop it from getting compacted. This means that adding more carbon can

be good for soil structure, but it might also make it harder for plant roots to grow.

These results help us better manage soil to grow food in a healthy and sustainable

way.

1 INTRODUCTION

Soil strength is the capacity of a soil body or individual

aggregates to withstand forces without experiencing failure,

including rupture, fragmentation, and compression (Hillel,

2003; Horn & Fleige, 2011; Schjønning et al., 2015). In agri-

cultural soil, strength results from the balance between forces

responsible for its aggregation and those that cause aggre-

gate breakdown or soil structure failure. Soil fails when stress

levels exceed soil strength (Dexter et al., 1988). Mechanical

stress is common external forces responsible for soil failure. A

typical condition that leads to compressive stress is the force

applied by agricultural vehicles and animals (Horn, 2004).

Soil structure strength can be evaluated using individual

aggregates (e.g., tensile strength) or undisturbed soil cores

(e.g., penetration resistance or compressibility). These soil

strength indicators have agricultural applications for tillage

fragmentation efficiency, soil furrow opening, crack forma-

tion, resistance to erosion, resistance to compression, and soil

penetration resistance (SPR) to root development (Cavalcanti

et al., 2020; Dexter & Watts, 2000; Imhoff et al., 2002; Moraes

et al., 2017).

Organic matter inputs can induce microaggregate stabi-

lization when incorporated into micropores (Dexter et al.,

1988; Lavallee et al., 2020; Six et al., 2004), conferring

soil strength. However, when considering formation and per-

sistence mechanisms, organic matter pools may contain a

considerable distribution of substances and fractions that act

differently on aggregates and mineral particle binding (Cam-

bardella & Elliott, 1992; Cotrufo et al., 2022). Although the

fractionation of some pools can be achieved chemically or

physically, a simple way to fractionate organic carbon pools

is physical fractionation into particulate (particulate organic

carbon [POC]—lightweight fragments relatively undecom-

posed) and mineral-associated (MAOC—chemical bonds

between C and mineral surfaces/occlusion within micropores)

(Prairie et al., 2023). Unlike POC, MAOC receives protec-

tion from decomposition by its association with soil minerals

(Lavallee et al., 2020). Thus, MAOC tends to persist for much

longer (decades/centuries) than POC (<10 years/decades),

while POC is susceptible to soil tillage (Pesch et al., 2020).

Research suggests that mechanical stability increases with

increasing organic matter (Cavalcanti et al., 2020; Horn, 2004;

Moraes et al., 2017). Some authors argue that this strength

gain would be induced by the strengthening of carbon bonds

over time without soil mobilization, in a phenomenon called

“age-hardening” (Dexter, 1990; Moraes et al., 2017). Based

on these previous studies, “age-hardening” is a hypothesis that

could explain strength gain via C input over time in land use

systems without soil mobilization caused by tillage. Accord-

ing to Moraes et al. (2017), this strength gain occurs with

negligible changes in water content or bulk density (BD).

However, it remains unclear whether particulate or mineral-

associated organic matter has any major influence on strength,

since these studies evaluated total organic carbon.

Pesch et al. (2020) suggested that precompression stress

increased due to greater amounts of particulate organic matter.

Startsev et al. (2020) physically fractionated organic matter

and studied soil compressive behavior, concluding that the

lighter or lower density fraction provided greater structural

soil stability and increased elasticity and resilience. The light

fractions of organic matter are probably bound to soil parti-

cles, functioning as a structural strengthening factor (Startsev

et al., 2020). Kunde et al. (2018) observed a reduction in the

tensile strength of aggregates as total C in the soil reduced,

whereas Stumpf et al. (2018) found no effect (including vari-

ations in the physical fraction of C) in aggregates measured

under air-dried conditions. These results contrast with those

reported by Moraes et al. (2017, 2019), who observed an

increase in soil strength with time reinforcement of organic

carbon bonds.

While organic carbon is widely recognized for stabilizing

soil structure and improving soil health, its role in structural

hardening, particularly in root penetration resistance and load-

bearing capacity to mitigate soil compaction, remains poorly

understood. However, it is unclear whether this effect is driven

by particulate organic carbon—which promotes aggregate

formation—or mineral-associated carbon—which provides

long-term stability. Moreover, the relation between the pre-

dominant carbon fraction and soil resistance to compression

and root growth lacks in-depth investigation. Understanding

this dynamic is essential for improving soil management in
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sustainable agricultural systems, thus reducing the negative

impacts of compaction.

Given previous evidence that long-term undisturbed soils

accumulate carbon and exhibit increased mechanical strength

(Horn, 2004; Moraes et al., 2017, 2019), we hypothesize

that organic carbon is positively associated with soil strength,

particularly MAOC. To test this, we measured strength indi-

cators in aggregates and undisturbed cores from two Brazilian

Oxisols (sandy clay loam and sandy clay).

2 MATERIALS AND METHODS

2.1 Location and characterization of the
experimental sites

For this study, two soils were sampled in Southern and South-

eastern Brazil (June 2022), located in Jardim Olinda (Paraná

State) and Selvíria (Mato Grosso do Sul State), respectively.

In Jardim Olinda, the samples were collected from a commer-

cial farm (22˚34′29.8″ S 52˚03′24.3″ W), whereas in Selvíria

the soil sampled belonged to an experimental farm at Uni-

versidade Estadual Paulista (UNESP) (20˚ 20′53.41″ S, 51˚

23′55.50″ W). Both soils are classified as Oxisols (Soil Sur-

vey Staff, 2014), with sandy clay loam (Jardim Olinda—73%

sand, 2% silt, and 25% clay) and sandy clay (Selvíria—60%

sand, 3% silt, and 37% clay) textures. Henceforth, the two soils

will appear as SCLsoil (from Jardim Olinda) and SCsoil (from

Selvíria) in reference to their respective clay contents.

To achieve soil organic carbon variability (C total and its

fractions), three contrasting land use sites were chosen in

each location for investigating the impacts of organic car-

bon content on soil strength indicators. For SCLsoil, samples

were collected in native forest (NF), integrated crop-livestock

(ICL), and pasture (PA) systems, whereas for SCsoil the soil

was sampled in NF, eucalyptus land use, and PA land uses

(Table 1).

2.2 Soil samplings

Five sampling points (i.e., five replicates) were randomly

selected within each experimental site. After digging out a

mini-trench (approximately 0.4 m × 40 m × 0.4 m) using a

spade, undisturbed soil cores (5 cm diameter and 5 cm height)

were taken at 0.0–10 cm (30 samples) and 10–20 cm (30 sam-

ples) depths, totalling 60 samples for both soils. These soil

cores were used for penetration resistance and BD measure-

ments. Additional 60 undisturbed cores (7 cm diameter and

2.5 cm height) were collected at 0.0–10 cm (30 samples) and

10–20 cm (30 samples) depth for soil compression tests in

both soils. Finally, undisturbed soil blocks (10 cm × 10 cm ×
10 cm) were collected at 0.0–10 cm and 10–20 cm for tensile

Core Ideas
∙ Organic carbon correlates positively with soil

strength.

∙ Clay enhances the role of C in soil aggregate

strength.

∙ Soil compressibility strength is minimally affected

by C.

∙ Continuous C input increases soil penetration

resistance in long-term systems.

strength tests. A basic flowchart of soil sampling locations and

characteristics is shown in Figure 1.

2.3 Laboratory measurements

2.3.1 Tensile strength measurement

Undisturbed soil blocks were oven-dried at 45˚C for 72 h.

While Dexter and Kroesbergen (1985) recommended 105˚C

oven-dry of aggregates for testing, the 45˚C oven-dry was

used to homogenize aggregate moisture and to preserve

organic matter from any alteration (Dexter et al., 1988). A

subsample was sieved from each soil sample replicate for a

mesh between 8.00 and 4.75 mm (i.e., 6.38 mm aggregates’

mean diameter). In total, 20 oven-dried 6.38 mm aggre-

gates were separated for tensile strength (σt) measurements.

Thus, 200 aggregates were tested for each site, totaling 1200

aggregates (six sites, two depths, five replicates, and 20 aggre-

gates per replicate). Determinations used the crushing method

described by Dexter and Kroesbergen (1985), in which a digi-

tal crushing apparatus is placed where the aggregate under test

is loaded between a bottom and upper plate connected to the

loading transducer. Crushing force was applied until crack-

ing. The maximum load value at the crack moment was then

digitally recorded for calculating the tensile strength (σt) as

follows (Dexter & Kroesbergen, 1985; Imhoff et al., 2002):

𝜎t = 0.576
( F
D2

)
(1)

𝐷 = 𝐷m

(
𝑀

𝑀̄

)1∕3
(2)

in which 0.576 is the coefficient of proportionality, resulting

from the relation between the applied compressive load and

the tensile stress induced inside the aggregate; F is the force

required for tensile cracking of the aggregate (N) and D is

the effective diameter of the aggregate (m). Effective diam-

eter (D) was calculated according to Equation (2), in which
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T A B L E 1 Historical land use description of experimental fields.

Soil Soil/land use Geographic coordinates Historical land use description
Sandy clay

loam

Native forest 22˚33′45.2″ S, 52˚05′22.2″ W Land use under maintenance of native forest

Integrated

crop-livestock

22˚33′56.8″ S, 52˚03′36.1″ W Cultivation was first implemented in 2010. From 2010 to 2012, it was

managed under the crop-livestock sequence: (1) soybean, (2) maize

intercropping with brachiaria, and (3) brachiaria-livestock. After 2012,

the area has been managed with brachiaria, receiving annual limestone

and organic poultry manure maintenance without soil tillage

intervention.

Pasture 22˚34′36.4″ S, 52˚03′23.6″ W Currently cultivated with brachiaria since 1984, with just one

production year (2005) where soybean was cultivated. Since 2005, there

has been no tillage disturbance. Cattle make use of the area for grazing.

Sandy clay Native forest 20˚20′57.1″ S, 51˚23′52.6″ W Land use under maintenance of native forest

Eucalyptus 20˚21′00.5″ S, 51˚23′52.9″ W Soil cultivated with eucalyptus (Eucalyptus camadulensis) since 1986

with spacing of 4 × 4 m. Without soil tillage since eucalyptus

implementation.

Pasture 20˚20′57.4″ S, 51˚23′46.6″ W Currently cultivated with brachiaria since 2007. Since 2007, there has

been no tillage disturbance. Tillage for eucalyptus implementation was

performed with plowing and harrowing. In 2019, the area received

limestone and NPK fertilizer applied on soil surface. Cattle make use of

the area for grazing.

F I G U R E 1 Basic flowchart of local soil sampling and

characteristics, laboratory analysis, and data analysis.

Dm is the average diameter of the aggregate (mm), defined by

the average of the sieve sizes (6.38 mm for this study); M is

the mass of the individual aggregate (g); and 𝑀̄ is the average

mass of the aggregates representing each site, group, or treat-

ment (g) according to Imhoff et al. (2002). Calculating the

effective diameter therefore considers the average size of the

aggregates passed through the sieve, the individual masses,

and the population of aggregates examined to weigh the effect

of mass and size on the average diameter. According to Dex-

ter and Kroesbergen (1985), this method is especially effective

since Dm is known and the masses can be quickly determined

by weighing.

2.3.2 SPRand compressibility
measurements

All 5 cm diameter and 5 cm height soil cores were slowly satu-

rated by capillarity rise for 48 h and then subjected to a matric

potential of −100 hPa using Richards’s apparatus. This matric

potential was chosen to simulate the soil field capacity condi-

tion (van Lier, 2017). At hydraulic equilibrium, the soil cores

were weighed for determining soil water content. Immediately

after sample weighing, SPR tests were conducted in an elec-

tronic benchtop penetrometer (Brookfield model) at a speed

of 10 mm/h and a cone semi-angle of 30˚, for a tip diameter

of 4 mm, and calculated as the average penetration resistance

recorded for 2–4 cm of the height cores per Figueiredo et al.

(2011). After testing, the cores were oven-dried at 105˚C for

48 h. BD was calculated from the ratio between the mass of

the oven-dried soil and total core volume.

For the 7 cm diameter and 2 cm height soil cores, confined

uniaxial compression tests used an apparatus described by

Figueiredo et al. (2011). Each of the following vertical stresses

was applied for 5 s (5 s loading and unloading) in a sequen-

tial loading mode: 12.5, 25, 50, 100, 200, 400, and 800 kPa.

As the rear wheels of a typical tractor moving at 5 m/h exert

stress on the soil for <0.2 s (Or & Ghezzehei, 2002), this load-

ing time was the fastest achievable with the apparatus used
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and simulated the brief loading duration of an agricultural tire

during wheeling (Salire et al., 1994). Soil displacement was

measured after each loading step by a displacement transducer

and used for calculating changes in soil volume. After test-

ing, the cores were oven-dried at 105˚C for 48 h for soil BD

calculation.

Precompression stress (σp) and compression index (λ) were

calculated using the sigmaP function available in the soil-
physics (R Core Team, 2022; da Silva & de Lima, 2016). σp

was determined using the Pacheco Silva method (Toledo et al.,

2021), the graphical illustration of which is given in da Silva

and de Lima (2015) and Toledo et al. (2021). λ was estimated

as the slope of the soil virgin compression line (Equation 3),

fitted on the void ratio (ε)-log10 (stress) space over the soil

compression curve, in which 400 and 800 kPa are the vertical

stress levels applied in the uniaxial compression test.

𝜆 = −
[

𝜀800−𝜀400
log10 (800) − log10 (400)

]
(3)

2.3.3 Organic carbon quantifications

Soil organic matter was physically fractionated into POC

and mineral-associated organic matter (MAOC) following the

particle-size method proposed by Cambardella and Elliott

(1992). Aggregates between 8.00 and 4.75 mm from each

sample were sieved through a 2.00-mm mesh. A 5 g of the

sieved sample was dispersed with sodium hexametaphosphate

in a horizontal shaker for 16 h. Subsequently, the dispersed

solution was passed through a 53-μm mesh for separating

POC (>53 μm) and MAOC (<53 μm). Both separated mate-

rials were oven-dried at 50˚C and then ground and sieved

through 100 mesh (<0.149 mm) for C quantification using an

Elemental Analyzer–LECO/Truspec. Total C was calculated

by adding the two C components, obtained from the POC and

MAOC individual fractions.

2.4 Data analyses

Analysis of variance (ANOVA) compared the strength indica-

tors or organic carbon fractions between land uses considering

the two textural classes (sand clay loam or sandy clay).

Comparisons were performed separately for each layer (i.e.,

0.0–0.1 or 0.1–0.2 m). Data were tested for normality

and homogeneity of variances. Means were compared by

Scott–Knott test.

Correlations between total organic C, its physical frac-

tions, and soil strength indicators were examined using path

analyses. Data from the three land uses and two sampled

layers were used to achieve variability, considering BD and

total C, POC, and MAOC as explanatory variables for ten-

sile strength (σt), and BD, water content, and total C, POC,

and MAOC as explanatory variables for compaction indica-

tors (precompression stress [σp], compression index [λ], and

SPR). We decomposed the total correlation of organic carbon

components with soil strength indicators using path analysis

to examine the indirect contributions of BD and water content,

and the direct contribution of organic carbon components. The

linear model for the correlation between variables SPR and

C is specified in Equation (4). The models for all the other

relations follow the same specification structure.

𝑟C,SPR = 𝑃C,SPR + 𝑃POC,SPR𝑟POC,C + 𝑃MAOC,SPR𝑟MAOC,C

+𝑃BD,SPR𝑟BD,C + 𝑃W,SPR𝑟W,C (4)

in which 𝑟(.) represents a Pearson’s correlation, and 𝑃(.) rep-

resents a direct effect (path coefficient). Student’s t-test was

applied to check for significant non-null correlations at 5%

significance level.

Variance inflation factor (VIF) tested variance inflation

based on the correlation matrix of explanatory variables. Vari-

ables with VIF >5.0 were removed from the path analysis

model (Akinwande et al., 2015; da Silva et al., 2013).

ANOVA, path analysis, and collinearity diagnostics (VIF)

were performed on R (R Core Team, 2022) using the biotools
package (da Silva et al., 2017).

3 RESULTS

3.1 BD and organic carbon components

BD was significantly higher for ICL and PA land uses than for

NF in sandy clay loam soil (SCLsoil). ICL and PA obtained

mean values of 1.73–1.67 Mg m−3, whereas NV had a BD of

1.55–1.41 Mg m−3. For sandy clay soil (SCsoil), ECL and PA

also achieved the highest BD values (∼1.69 Mg m−3), which

were significantly higher than those found in NV (1.50–1.44

Mg m−3) (Table 2). Overall, the values indicated an increase

in BD with agricultural land use.

PA fields obtained the highest total C average values in

both soils (15–17 g kg−1), followed by NV (11–12 g kg−1)

(Figure 2). As expected, we found the highest total C values at

the 0.0- to 10-cm depth. SCsoil presented the highest C levels

(17 g kg−1) compared with SCLsoil (15 g kg−1). MAOC aver-

ages were significantly higher in SCsoil, concentrated mainly

in NV and PA land uses. In turn, POC was higher in SCLsoil,

also concentrated in NV and PA. Overall, SCLsoil exhibited

the highest POC values, whereas SCsoil concentrated the high-

est C and MAOC values (Figure 2). Table 2 summarizes the

absolute mean values and standard deviations.
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DE LIMA ET AL. 7 of 18

F I G U R E 2 Proportion of mineral-associated organic carbon (MAOC) and particulate organic carbon (POC) in the total organic carbon of the

C25–sandy clay loam soil (25% clay) and C37–sandy clay soil (37% clay). For C25: native forest (NF), integrated crop-livestock (ICL), and pasture

(PA). For C37: native forest (NF), eucalyptus (ECL), and pasture (PA) land uses. SCL, sandy clay loam. Same letters do not differ by Scott–Knott test.

3.2 Variability of soil strength indicators

SCsoil presented the higher tensile strength (σt) values, with

averages ranging from 100 to 120 kPa (Table 2) in NV and PA.

Averages for these land uses were significantly higher than for

SCLsoil (Figure 3), which obtained average values of 80 kPa.

Only the 0.1–0.2 m layer of SCLsoil showed significantly

higher values for precompression stress (σp), with averages

ranging from 120 to 99 kPa in SCLsoil and from 57 to 75 kPa

in SCsoil (Table 2). We observed no difference between soils

or land use for the surface layer (Figure 4), with averages

around 111–66 kPa. These results indicate no effect of land

use on σp, only of soil (Figure 4). Native vegetation (NV)

obtained the highest compression index (λ) values both on

SCLsoil (λ = 0.30) and SCsoil (λ = 0.43) (Table 2). Overall,

λ was highest in NV and lowest in PA lands. Unlike σp, land

use influenced λ (Figure 5).

SPR was significantly higher in PA lands, regardless of soil

texture (Figure 6). Average SPR values reached 7.6 MPa and

4.7 MPa for SCLsoil and SCsoil, respectively, and were higher

in the surface layer (Table 2; Figure 6). For NF, the values did

not exceed 2.0 MPa, whereas average values reached 3.0 MPa

for eucalyptus. Overall, SPR values were higher for SCLsoil.

3.3 Correlations of soil strength indicators
with organic carbon components

Correlations between tensile strength (σt) and organic carbon

components indicated that only MAOC correlated with σt in

SCLsoil (r = 0.36) (Figure 7A), whereas all C components

correlated with σt (r ∼ 0.55) in SCsoil (Figure 7B), with no

indirect effect of BD. However, BD contributed to the cor-

relation with MAOC in SCLsoil, that is, soil BD enhanced
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8 of 18 DE LIMA ET AL.

F I G U R E 3 Comparison of tensile strength (σt) averages obtained in sandy clay loam (SCL) and sandy loam (SL) soil in different land uses and

two layers. Same letters do not differ by Scott–Knott test. Vertical bars indicate standard deviation. ECL, eucalyptus; ICL, integrated crop-livestock

system; NF, native forest; PA, pasture.

the tensile strength gain with increasing MAOC (46%

contribution; Figure 7C). Only organic carbon indicated a

positive effect on σt in SCsoil.

We found no correlation between precompression stress

(σp) and the C components analyzed (Figure 8). A negative

correlation (r = −0.40) between λ and MAOC was observed

only for SCLsoil (Figure 9A). Path analyses found a contribu-

tion from water content (W) (27%) and from BD (5%) for the

λ × MAOC correlation (Figure 9C). These results indicate a

restricted impact of total organic carbon and its fractions on

compressibility indicators, with effects observed only for soil

compression index in SCsoil but with contributions from other

physical variables.

SPR showed positive correlations with all C components,

suggesting that increasing C increased SPR (Figure 10). How-

ever, W (21%–28%) and BD (8%–20%) contributed to these

correlations in SCLsoil, and W (31%–35%) contributed to SPR

gains in SCsoil (Figure 10C,D). For SCLsoil, this indicates that

increases in soil C components promoted SPR gains medi-

ated by increases in W and BD (Figure 10A), whereas for

SCsoil increases in SPR induced by organic carbon were medi-

ated by decreasing water content (Figure 10B). Of all the soil

strength indicators analyzed, SPR proved to be the one with

positive influence on organic carbon in both soils, but the SPR

× organic carbon correlations were also mediated by key phys-

ical attributes responsible for variation in soil strength (W or

BD).

4 DISCUSSION

4.1 C accumulation was significantly
higher in PA lands

Carbon accumulation levels were higher in PA lands com-

pared with the other land uses, showing numerically higher

averages but statistically similar to NFs. This accumulation

was greater in soil with higher clay content. Increased soil C
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DE LIMA ET AL. 9 of 18

F I G U R E 4 Comparison of precompression stress (σp) averages obtained in sandy clay loam (SCL) and sandy loam (SL) soil in different land

uses and two layers. Same letters do not differ by Scott–Knott test. Vertical bars indicate standard deviation. ECL, eucalyptus; ICL, integrated

crop-livestock system; NF, native forest; PA, pasture.

concentrations in surface layers are a common consequence of

PA formation due to contributions from its root system exu-

dates, volume, and intensive decomposition turnover (Cerri

et al., 2018; Trumbore et al., 1995).

While C levels were similar between NF and PA, BD

was significantly lower in NF compared with PA areas.

But this difference did not result in variations in tensile

strength between the two land uses, indicating that the ten-

sile strength of NFs is comparable to that of PA in terms

of carbon levels but not in BD. This difference was also

reflected in the compression index, for which NFs achieved

the highest values, whereas precompression stress showed no

differences. This suggests that the higher porosity of NFs

rather than carbon content may increase their susceptibility to

compaction.

Penetration resistance was significantly higher in PA,

where both carbon levels and BD were greater. Differences in

SPR between land uses were most pronounced in the surface

layer, despite the lack of variation in BD across PA layers in

the two soils. This suggests that other resistance mechanisms

contribute to increasing SPR in addition to BD.

4.2 Clay content enhances the role of
organic carbon as a driver of aggregate strength

In our study, carbon shows a contribution to soil strength con-

sidering the variability of all treatments. Aggregate tensile

strength was positively correlated with all measured carbon

pools for the SCsoil, whereas only mineral-associated organic

carbon contributed to increased tensile strength in the sandy

clay loam soil. However, soil BD was an important factor

mediating tensile strength increase in this soil. These results

suggest that total C (particulate + mineral-associated C) con-

tributed to the strength of soil aggregates in the presence of

larger clay amounts (i.e., SCsoil), as also observed by Bin and

Xin-Hua (2006). This correlation of carbon components with

tensile strength in soil with higher clay content may stem
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10 of 18 DE LIMA ET AL.

F I G U R E 5 Comparison of soil compression index (λ) averages obtained in sandy clay loam (SCL) and sandy loam (SL) soil in different land

uses and two layers. Same letters do not differ by Scott–Knott test. Vertical bars indicate standard deviation. ECL, eucalyptus; ICL, integrated

crop-livestock system; NF, native forest; PA, pasture.

from increased specific surface area of soil particles, which is

enhanced by the amount of sesquioxides typical of Oxisols.

Singh et al. (2017) observed that soil carbon stabilization

of aggregates was more strongly associated with sesquioxide

content than with clay types or their specific surface areas.

Blanco-Moure et al. (2012) reported significant interactions

between clay and organic carbon. Soils with the highest clay

and organic carbon values indicated a considerable increase

in aggregate strength, aligning with our data.

In turn, our findings suggest that the development of

aggregates tensile strength under sandy soil demands carbon

stabilization (MAOC) and increased BD. This indicates that

in addition to MAOC, the labile fraction of organic carbon

(POC), of frequent turnover (Lavallee et al., 2020; Six et al.,

2004), contributes to aggregates stability and tensile strength

without BD increase in soils with higher clay content, whereas

an increase in soil BD and organic carbon stabilization (i.e.,

MAOC) seems to be necessary to induce tensile strength when

clay content is lower.

According to Lavallee et al. (2020), MAOC contributes to

stabilize both macro- and microaggregates, whereas other evi-

dence indicates POC contribution only to the stabilization of

macroaggregates >250 μm. As indicated by Lavallee et al.

(2020), our results suggest that in macroaggregates (used for

testing), both MAOC and POC control aggregate resistance

mechanisms mainly for soil with higher clay content (Islam

et al., 2022). In weathered tropical soils, Imhoff et al. (2002)

argue that clay fraction consists of several Fe and Al oxides,

which are known to interact with organic matter, providing

increased soil tensile strength. As in our study, Imhoff et al.

(2002) report a positive effect of total organic carbon with

increasing clay content. Additionally, our findings suggest

that the effect on strength gains seems to be induced either

by POC or MAOC. Bin and Xin-Hua (2006) also observed a

positive effect of POC and MAOC on aggregate stability in

soils under reforestation.

By definition, particulate organic matter is a carbon fraction

that is not associated with minerals (Cambardella & Elliott,
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DE LIMA ET AL. 11 of 18

F I G U R E 6 Comparison of soil penetration resistance (SPR) averages obtained in sandy clay loam (SCL) and sandy loam (SL) soil in different

land uses and two layers. Same letters do not differ by Scott–Knott test. Vertical bars indicate standard deviation. ECL, eucalyptus; ICL, integrated

crop-livestock system; NF, native forest; PA, pasture.

1992; Lavallee et al., 2020). Its protection mechanism relies

on occlusion in large aggregates (Lavallee et al., 2020). Our

results indicate that possible POC occlusion within the aggre-

gates did not confer significant aggregate strength to the sandy

clay loam soil. However, even with the smaller amount of

clay, interaction of organic matter with the mineral fraction

increased soil strength, the correlation of which was positively

significant with MAOC. While soil strength development as a

function of soil C was observed in the SCsoil, tensile strength

was greater in the sandy clay loam soil (Table 2). This indi-

cates that the presence of mineral-associated organic carbon

can induce soil strength, but the likely number of interaction

bonds between organic carbon and clay minerals is a key fac-

tor for soil strength gain, as reported by Moraes et al. (2017,

2019). Our results suggest that MAOC proportion is higher in

SCsoil and that presence of this C fraction could be maintained

in the absence of soil mobilization (Dexter, 1988).

Besides the association between soil organic carbon and

clay minerals, soil BD partially drove soil tensile strength

increase in the sandy clay loam soil (noted by the contri-

bution of BD to the total correlation between C and tensile

strength; Figure 7A). Similar contribution was not detected in

the SCsoil, even though both soils presented a similar range

of soil BD that allowed a wide variability in measurements.

Soil BD affects soil strength due to an increase in the fric-

tion forces between soil particles (Imhoff et al., 2002) and an

increased proportion of smaller pores in the soil (Błażejczak

et al., 1995; Hadas & Lennard, 1988).

4.3 Soil compressibility indicators were
minimally affected by organic carbon

Organic carbon exhibited an effect on soil compression index

only in the sandy clay loam soil, and this influence was

indirectly mediated by soil BD and water content. Path anal-

yses showed that these physical factors contributed to the

correlation between mineral-associated organic carbon and
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12 of 18 DE LIMA ET AL.

F I G U R E 7 (A and B) Correlation (r) between the response variable σt (tensile strength) and total organic carbon and its fractions (organic

carbon [C], mineral-associated organic carbon [MAOC], and particulate organic carbon [POC]). *p < 0.05. Vertical lines represent the estimates of

path analysis coefficients. Blue lines indicate direct effects on σt. Black lines indicate indirect effects of soil bulk density (BD) through each carbon

fraction on the correlation for the sandy loam soil and sandy clay soil. (C and D) Percentage contribution of path analysis coefficients to the

correlation between σt and each C fraction.

compressibility. These results are similar to those found for

aggregate measurements, where mineral-associated organic

carbon played a role in tensile strength gains. However,

organic carbon components presented no correlation with

precompression stress or compression index for the SCsoil,

contrasting with the results observed for the aggregate mea-

surements. In correlations performed for organic carbon

versus soil compressibility indicators (Table 3), both σp and

λ significantly correlated with soil BD or water content, as

also reported by Saffih-Hdadi et al. (2009), Schjønning and

Lamandé (2018), and Toledo et al. (2021). This indicates

that the pore system (e.g., BD) and water content dominate

soil compressibility (Keller et al., 2011), with a minor C

effect.

T A B L E 3 Correlation of precompression stress (σp) and soil

compression index (λ) with bulk density or gravimetric water content.

Soil texture
Strength
indicator BD W

Sandy clay loam σp 0.29 0.06

λ −0.49* 0.13

Sandy clay σp 0.26 −0.50*

λ −0.66* 0.56*

Abbreviation: BD, soil bulk density; W, gravimetric water content.

*Significant at 0.05 by Pearson’s correlation.

Pereira et al. (2007) found an increase in soil compression

index as a function of organic carbon content in Cambisols,

 14350661, 2025, 5, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.70141 by C

apes, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



DE LIMA ET AL. 13 of 18

F I G U R E 8 (A and B) Correlation (r) between the response variable σp (precompression stress) and total organic carbon and its fractions

(organic carbon [C], mineral-associated organic carbon [MAOC], and particulate organic carbon [POC]). *p < 0.05. Vertical lines represent the

estimates of path analysis coefficients. Blue lines indicate direct effects on σp. Black lines indicate indirect effects of soil bulk density (BD) and

gravimetric water content (W) through each carbon fraction on the correlation for the sandy loam soil and sandy clay soil. (C and D) Percentage

contribution of path analysis coefficients to the correlation between σp and each C fraction. W, water content.

but the authors did not examine whether this correlation

received contribution from water content or BD, which drive

changes in soil compressibility (Schjønning & Lamandé,

2018). In examining soil compressibility parameters for a

range of clay content in tropical soil as a function of organic

carbon, BD, and water content, Reichert et al. (2018) found

that increasing organic matter increases the soil compres-

sion index and reduces soil strength. However, the authors

did not calculate the contribution of water content or BD

to the correlation with organic carbon. Their results contrast

with ours, in which an increase in organic matter correlated

with soil compression index reduction, increasing compaction

resistance. But our results corroborate those by Moraes et al.

(2019), who observed gains in load-bearing capacity due to

the strengthening of organic carbon bonds.

Precompression stress was the only indicator not affected

by any organic carbon fraction. Imhoff et al. (2004) also

found no influence of C on precompression stress, corrobo-

rating our findings. Reichert et al. (2018) and Toledo et al.

(2021) reported a decreased precompression stress with soil

organic carbon, whereas Moraes et al. (2019) suggested that

the strengthening of C bonds was responsible for increases

in precompression stress. Most of these results are unclear

about the role of C on soil precompression stress—the direc-

tion of the correlation is ambiguous, as is the case for soil

BD (positive) or water content (negative). Quantifying the

effect of organic carbon on precompression stress is impor-

tant because load-bearing capacity is extensively used as a

measure for assessing the risk of compaction by pedo-transfer

functions (Schjønning et al., 2022). Thus, knowing if soil C
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F I G U R E 9 (A and B) Correlation (r) between the response variable λ (compression index) and total organic carbon and its fractions (organic

carbon [C], mineral-associated organic carbon [MAOC], and particulate organic carbon [POC]). *p < 0.05. Vertical lines represent the estimates of

path analysis coefficients. Blue lines indicate direct effects on λ. Black lines indicate indirect effects of soil bulk density (BD) and gravimetric water

content (W) through each carbon fraction on the correlation for the sandy loam soil and sandy clay soil. (C and D) Percentage contribution of path

analysis coefficients to the correlation between λ and each soil C fraction. W, water content.

should be considered when predicting precompression stress

and what the real direction (negative or positive) of the effect

is in predictive models is necessary. Our observations are lim-

ited to −100 hPa (despite a range of BD), and further studies

should include lower matric potentials to compute possible

interactions of organic matter with soil water content.

4.4 Gains in SPR are related to increases in
soil C

Increases in penetration resistance correlated with increases

in soil C, with indirect effects of water content or BD.

MAOC and POC increases lead to higher soil penetration

resistance, corroborating Stock and Downes (2008). These

authors observed that SPRincreased under matric potential

below field capacity (i.e., dry range) by organic matter addi-

tion. They assumed that this strength gain derived from a

cohesion gain induced by organic matter, agreeing with Horn

(2004) and our results. Zhang and Hartge (1990) mixed

organic matter with finer sand and observed no cohesion

under saturated conditions with added organic matter, but

organic matter enhanced the cohesion as soil dried. This indi-

cates that SPR gain induced by organic matter could be more

evident and detectable under unsaturated conditions or, more

specifically, at water content below field capacity, in a mech-

anism induced by cohesion gain. Interestingly, however, this

soil cohesion gain seems more prominent and significant in

SPR or aggregate measurements than in soil compressibility

indicators.
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DE LIMA ET AL. 15 of 18

F I G U R E 1 0 (A and B) Correlation (r) between the response variable SPR (soil penetration resistance) and total organic carbon and its

fractions (organic carbon [C], mineral-associated organic carbon [MAOC], and particulate organic carbon [POC]). *p < 0.05. Vertical lines represent

the estimates of path analysis coefficients. Blue lines indicate direct effects on SPR. Black lines indicate indirect effects of soil bulk density (BD) and

gravimetric water content (W) through each carbon fraction on the correlation for the sandy loam soil and sandy clay soil. (C and D) Percentage

contribution of path analysis coefficients to the correlation between SPR and each soil C fraction. W, water content.

According to Hadas and Lennard (1988), Mohr–Coulomb

theory is used to determine the maximal shear stress or

strength of porous materials like soils. It proposes an equation

composed of frictional and cohesive forces, which Bengough

(1992) uses to describe adhesion (instead of cohesive) forces

involving penetrometers. Particle movement during cavity

expansion by the penetrometer may also involve cohesive

forces, which could be increased by increases in organic car-

bon (e.g., Stock & Downes, 2008; Zhang & Hartge, 1990).

Over time, this increase in cohesion forces could be simi-

lar to the strengthening of carbon bonds reported by Moraes

et al. (2017). Horn (2004) observed this phenomenon in con-

servation tillage fields by directly measuring cohesion (i.e.,

cohesion values). Logically, these same cohesive forces are

present in the soils tested for aggregate and compressibility

tests. For aggregates and penetration resistance tests, these

cohesive forces induced by mineral-carbon bonds seem to be

detectable by the induced failure process. Noting something

similar was verified for compressibility, probably due to the

nature of the compaction process, which is naturally related

to void reduction.

4.5 Overall observations on the role of soil
C on mechanical strength gains

Our study hypothesized that C accumulation in soils with-

out mechanical disturbance would induce mechanical strength

gains, with a more pronounced role of mineral-associated

organic matter. As isolating the role of carbon from water
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T A B L E 4 Qualitative description of the correlation between organic carbon fractions and soil strength indicators.

Soil
Carbon-induced
effect σt σp λ SPR

Sandy clay

loam

C The higher the C, MAOC, or POC,

the higher the soil penetration

resistance. Effect 43%–33%

mediated by water content and

bulk density

MAOC The higher the MAOC, the

higher the tensile strength.

Effect 46% mediated by bulk

density

The higher the MAOC, the

lower the compression index.

Effect 27% mediated by bulk

density

POC

Sandy clay C

MAOC

POC

The higher the C, MAOC, or

POC, the higher the tensile

strength. Purely

carbon-induced effect

The higher the C, MAOC, or POC,

the higher the soil penetration

resistance. Effect 35%–31%

mediated by water content

Note: Green colors indicate correlation, whereas red colors indicate the absence of correlation.

Abbreviations: C, organic carbon; MAOC, mineral-associated soil organic carbon; POC, particulate soil organic carbon; SPR, soil penetration resistance; λ, soil

compression index; σp, precompression stress; σt , tensile strength.

content or BD is difficult given its interaction with these fac-

tors in inducing strength, path analysis computed the impact

of the partial correction attributed only to C and its frac-

tions. Based on Moraes et al. (2017), our concern with the

assumption that soil C could promote soil strength increase

is the many existing indicators of soil strength (not just

soil penetration resistance); thus measuring tensile strength,

compressibility indicators and penetration resistance helps

to verify whether this assumption is valid for other indica-

tors. Our findings, summarized in Table 4, indicate that this

theory is true, albeit limited. Given the clear scientific consen-

sus that organic matter increases aggregate stability (Rabot

et al., 2018), the question was whether this would extend to

mechanical strength.

C plays an evident role in tensile strength gain consider-

ing soils with higher clay content, but this role is limited

to mineral-associated organic matter in sandier soil. We also

confirm the observations by Moraes et al. (2017), who noted

a C-induced increase in soil penetrance resistance, which was

measured for both soils studied. Interestingly, the fact that

clay can naturally interact more strongly with organic matter

to promote soil structure stabilization (or strength) (Wenzel

et al., 2024) is more evident in measurements performed on

aggregates (e.g., tensile strength).

5 CONCLUSIONS

Soil organic C positively correlated with soil strength, indi-

cating increased aggregate strength and soil penetration

resistance. Organic C, in turn, had little influence on soil com-

pressibility strength indicators. These findings indicate that

the significant gains in aggregate soil stability and strength

and penetration resistance induced by C are not completely

transferred to soil compressibility measurements. Our results

revealed that mineral-associated organic matter plays a pos-

itive role regarding soil strength gains in the coarse-textured

soil, whereas all C fractions contribute to soil strength gains

with increasing clay content. Soil C addition in the absence

of soil mobilization may be beneficial for soil conservation

given its influence on gains in aggregate stability and strength

and on gains in SPR for root development. However, gains in

compaction resistance should not be expected.
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