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Abstract

We investigated how organic matter may, directly and indirectly, modify the

porosity of Ferralsols, that is, deeply weathered soils of the tropics and subtrop-

ics. Although empirical and anecdotal evidence suggests that organic matter

accumulation may increase porosity, a mechanistic understanding of the pro-

cesses underlying this beneficial effect is lacking, especially so for Ferralsols.

To achieve our end, we leveraged the fact that the Profundihumic qualifier of

Ferralsols (PF) is distinguished from Haplic Ferralsols (HF) by both a much

larger average carbon content in the first 1 m of soil depth (19 kg C m�3 in PF

vs. 10 kg C m�3 in HF) and a significantly lower bulk density (1.05

± 0.08 kg L�1 in PF vs. 1.21 ± 0.05 kg L�1 in HF). Through exhaustive model-

ling of carbon – bulk density relationships, we demonstrate that the lower bulk

density of PF cannot be satisfactorily explained by a simple dilution effect.

Rather, we found that bulk density correlated with carbon content when com-

bined with carbon: nitrogen ratio (r2 = 0.51), black carbon content (r2 = 0.75),

and Δ14C (r2 = 0.81). Total pore space was greater in PF (61 ± 3%) than in HF

(55 ± 2%), but x-ray computed tomography revealed that pore space inside soil

aggregates of 4–5 mm diameter does not vary between the studied Ferralsols.

We further observed nearly twice as many roots and burrows in PF compared

with HF. We thus infer that the mechanism responsible for the increase in

porosity is most likely an enhancement of resource availability (e.g., energy,

carbon, and nutrients) for the organisms (earthworms, ants, termites, etc.) that

physically displace soil particles and promote soil aggregation. As a result of

increased resource availability, soil organisms can create especially the meso-

scale structural soil features necessary for unrestricted water flow and rapid

gas exchange. This insight paves the way for the development of land manage-

ment technologies to optimize the physical shape and capacity of the soil

bioreactor.
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1 | INTRODUCTION

Soil organic matter contributes to a wide range of crucial
ecosystem services, including habitats for organisms,
water purification and storage, carbon reservoir, and pro-
duction of food, fibre, and fuel (Hoffland et al., 2020;
Schmidt et al., 2011). The capacity of soils to store water
and carbon is constrained by the total pore space (Vogel
et al., 2022). But there are still uncertainties about the
mechanisms that lead to changes in total soil pore space
in response to organic matter contents (Regelink
et al., 2015). Here, we investigate how the accumulation
of organic matter may, directly and indirectly, modify
the porosity and related bulk density of Ferralsols, which
are deeply weathered soils occupying nearly 750
million hectares worldwide with a unique microaggre-
gate (≤3 mm diameter) architecture and comparatively
large pore space (Buol & Eswaran, 1999; Neufeldt
et al., 1999). We leverage natural examples of high carbon
stocks in Profundihumic Ferralsols (19 kg C m3) com-
pared with other Ferralsols (10 kg C m3, Batjes, 1996) to
address the following research question: Is there a causal
relationship between organic matter content and porosity
in Profundihumic Ferralsols?

To address this question, we acknowledge that Pro-
fundihumic Ferralsols receive carbon inputs via two
mechanisms: (1) allocation of carbon to belowground
plant components that were transported by soil fauna
(termites and ants) from aboveground to belowground;
and/or (2) geomorphic deposition of eroded soil materials
bearing organic matter (Martinez et al., 2022). Both
mechanisms have implications for total soil pore space.
The growth of extensive plant roots (mechanism1) can
displace soil materials but also compact the vicinity of
roots and reduce local soil porosity (Bruand et al., 1996;
Xiong et al., 2022). To increase the total porosity in a vol-
ume of soil, part of the soil material needs to be trans-
ported to the surface or out of the soil which can be done
by soil fauna, for example, earthworms, ants, and ter-
mites (Johnson et al., 2005; Swanson et al., 2019). An
erosion-deposition process (mechanism2) may imply that
soil constituents are remixed during downhill transport
and may settle as a less dense material than before
erosion.

Other factors potentially influencing soil porosity and
bulk density are mineralogical composition; particle-size
distribution (i.e. the percentage of sand, silt, and clay);
frequency of wetting-drying cycles; organic matter con-
tent; and intensity of bioturbation, that is, the physical
displacement of soil materials by organisms (Regelink
et al., 2015; Ruehlmann & Körschens, 2009; Wilkinson
et al., 2009). The influence of these factors on soil poros-
ity and bulk density differs between soil types. Among

soils with variable charge (e.g., Ferralsols, Andosols, and
Podzols), the low bulk density of Andosols (<1.0 kg L�1)
is caused by the high microporosity of clay minerals com-
posed of hollow sphere allophane and fibrous imogolite
with a high specific surface area of 300–600 m2 formed
through the rapid weathering of the glassy and volcanic
ashes materials (Kleber & Jahn, 2007). Such minerals
may also be found in podzol-Bs horizons which can be
responsible for the low bulk density of some Podzols
(Farmer, 1982). In the case of Ferralsols, their rather low
bulk density (0.87–1.18 g cm�3, n = 80, Volland-Tuduri
et al., 2005) is largely attributed to a high porosity within
and between microggregates with “pseudo-sand” struc-
ture that is physically stable against dispersion
(Martinez & Souza, 2020; Schaefer, 2001).

The microaggregation in Ferralsols is driven by geo-
chemical and biological processes (Bruand et al., 2022;
Buol & Eswaran, 1999; Schaefer, 2001). Geochemical
transformation in Ferralsols occurs under intense and
extended weathering that results in a clay mineral frac-
tion dominated by low activity 1:1 phyllosilicates (kaolin-
ite) and pedogenic Fe- and/or Al-(hydr)oxides, for
example, haematite, goethite, and gibbsite (Schaefer
et al., 2008). A recent study revealed that total pore space
in Oxisols (Ferralsols counterpart in Soil Taxonomy)
increases as the gibbsite/kaolinite ratio increases and the
haematite/(haematite+goethite) ratio decreases (Pessoa
et al., 2022). Pessoa et al. (2022) showed that Rhodic Hap-
lustox (Rhodic Ferralsols) have the highest total pore
space among Oxisols equivalent to Xanthic, Geric, and
Haplic Ferralsols. Therefore, if the clay mineralogy of
Profundihumic Ferralsols were the reason for a greater
porosity of PF compared to other Ferralsols, we should
observe (i) a higher gibbsite/kaolinite ratio and a lower
haematite/(haematite+goethite) than in Rhodic Ferral-
sols (Pessoa et al., 2022); and (ii) little variation in miner-
alogical composition among Profundihumic Ferralsols.
However, the clay mineralogy of Profundihumic
Ferralsols varies substantially according to the parent
material (Marques et al., 2011; Schaefer et al., 2008).

Highlights

• A model is provided on how organic matter
accumulation increases the porosity of
Ferralsols.

• Low bulk density of carbon-rich Ferralsols is
not caused by a simple particle dilution effect.

• Organic matter increases the porosity of Ferral-
sols by stimulating natural bioturbation
processes.
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Profundihumic Ferralsols formed from siliciclastic rocks
in northeastern and southeastern Brazil have essentially
kaolinitic clay mineralogy and little oxide content
(Fe2O3 = 32 g kg�1 and Al2O3 = 149 g kg�1), whereas
Profundihumic Ferralsols formed from basalt in southern
Brazil have significantly greater oxide contents
(Fe2O3 = 150 g kg�1 and Al2O3 = 291 g kg�1) and lower
kaolinite content than other Ferralsols (Araujo
et al., 2017; Calegari, 2008). Therefore, we can eliminate
mineralogical composition as the main predictor for dif-
ferences in bulk density (and porosity) between Profundi-
humic Ferralsols and other Ferralsols.

Aside from mineralogical composition, it is well-
known that particle-size distribution (% of sand, silt, and
clay) is a deterministic factor for soil porosity and related
bulk density (De Vos et al., 2005; Tranter et al., 2007). To
test particle size distribution as a predictor for bulk den-
sity, we hypothesized that bulk density in Profundihumic
Ferralsols is a function of (i) clay content, (ii) clay + silt
content, and (iii) sand content.

Soil bulk density may also be directly reduced by adding
large quantities of soil organic matter because the average
density of organic matter (�1.3 kg L�1; Adams, 1973) is less

than that of soil minerals (�2.7 kg L�1; Curtis & Post, 1964).
Hence, we hypothesized that organic matter modifies bulk
density through simple dilution of mineral particle density.

Addition of organic matter with a certain composition
(e.g., carbon: nitrogen (C/N) ratio and pyrogenic carbon
content) may enhance the resource availability (energy,
nutrient, and carbon) for plants, macrofauna (termites,
ants, and earthworms), and microbes (fungi and bacteria)
(Figure 1) (Hoffland et al., 2020; Lehmann et al., 2011;
Zhang et al., 2020). Organic matter composition may thus
indirectly influence bulk density and soil porosity by con-
straining the activity of bioturbation actors (soil biota)
responsible for the physical displacement of soil materials
through root growth and animal burrowing (Figure 1).
Quantification of C/N ratios, pyrogenic carbon contents,
and natural 13C/12C isotope ratios (δ13C) uniquely record
information relating to sources of soil organic matter and
its constituent parts (Amelung et al., 2008). To assess
organic matter impacts on bioturbation actors that influ-
ence soil porosity, we hypothesized that the bulk density
of Profundihumic Ferralsols is a function of carbon: nitro-
gen (C/N) ratio, black carbon (BC) content, and carbon
isotope concentrations. Considering that bioturbation

FIGURE 1 Conceptual model of the indirect effects of organic matter on soil porosity and bulk density. High additions of organic

matter in Profundihumic Ferralsols may enhance the resources (energy, nutrient, carbon, and sorption) for bioturbation actors, such as

plants, soil macrofauna (termites, ants, and earthworms), and microbes (fungi and bacteria). By stimulating biological activity (e.g., root

growth and animal burrowing), organic matter can indirectly increase soil porosity and decrease bulk density.
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intensity may modulate soil porosity (Capowiez
et al., 2021; Swanson et al., 2019), we hypothesized that
bulk density is inversely correlated with the abundance of
morphological evidence for bioturbation (more burrowing
and rooting = lesser bulk density).

Our conceptual approach is based on the recognition
that Profundihumic Ferralsols consistently have lower bulk
density than other Ferralsols (Martinez et al., 2022).
Leveraging the fact that Haplic Ferralsols have the base
levels of organic carbon content and bulk density, we ini-
tially determined the magnitude of an increase in organic
matter content in Haplic Ferralsols that would be sufficient
to reduce their bulk density to the same levels as seen in
Profundihumic Ferralsols. To identify alternative, biologi-
cally mediated pathways towards an increase in porosity in
Ferralsols, we conducted a comparative examination of soil
morphology (e.g., roots and burrows contents), particle size
distribution, porosity, water-stable aggregates, C/N ratio,
BC content, and carbon isotope concentrations. Our com-
parison between Profundihumic Ferralsols versus Haplic
Ferralsols encompasses the first 100 cm of soil depth to elu-
cidate the direct and indirect effects of organic matter con-
tent on bulk density in the surface and subsurface soils.

2 | MATERIALS AND METHODS

2.1 | Study area

The Ferralsols investigated for this study are distributed
in two sites located on correlated geomorphic surfaces at

an elevation of 640 m above sea level and latitude/
longitude of 23�0004000S/47�0900100W and 23�0102200S
47�0900900W in Campinas, São Paulo state, southeastern
Brazil (Figure 2). The soils are derived from siltstone and
fine sandstone of the Itararé Group (Palaeozoic) and Rio
Claro Formation (Cenozoic) (IPT, 1981). The Ferralsols
considered here are on flat geomorphic surfaces charac-
terized as pediplains, that is, extensive plains formed by
the coalescence of pediments that are stable in terms of
erosion processes and without evidence of colluvium
deposition (Ross & Moroz, 1996). These geomorphic sur-
faces were preserved as remnants from the planation pro-
cesses of the landscape that occurred at the end of the
Pliocene and during the Pleistocene (Villela et al., 2013).
The present land use of the areas of all studied soil pro-
files is regenerated vegetation composed of grasses and
arboreal elements of semi-deciduous forests with mixed
characteristics of the Cerrados (savanna) and Mata Atlân-
tica (rainforest) biomes (Calegari, 2008). The remaining
native vegetation in the Municipality of Campinas is
made up of rainforests and savanna (Santin, 1999). The
resulting diversity of species underlines the ecological
importance of this area (Ferreira et al., 2007). Pollen
records in the soils of the study area indicate drier condi-
tions in the early Holocene (�10 thousand years ago) that
induced the development of the open-field vegetation of
Cerrados with fire incidence while the installation of a
humid climate between 3 to 2 thousand years ago led to
an expansion of the rainforest (Aviles et al., 2019). The
land use history of this area is similar to other areas in
the vicinity of Campinas. These areas likely underwent

FIGURE 2 (a): Study area in southeastern Brazil. (b): Schematic topographic cross-section with the indication of the biomes and

investigated soil profiles on correlated geomorphic surfaces and geological settings. (c): Photos of the studied Ferralsol profiles.
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suppression of primary vegetation when converted to
agricultural use (coffee, sugar cane, and pasture). Such
land use changes started in the XIX century with the
expansion of colonization towards the west of São Paulo
state. The area likely was used for agricultural or grazing
production, but specific information about local land use
history is limited. Although we do not have the precise
year of vegetation suppression, we are confident that the
sites remained under similar land use since 1950 when
they were annexed to the airport's security zone. The cli-
mate in this region is Humid Subtropical (Cfa in Köp-
pen's Classification System), with a mean annual
precipitation of 1344 mm and a mean annual tempera-
ture of 21�C (Alvares et al., 2013).

2.2 | Soil morphology, sampling, and
basic analysis

A total of six soil profiles were described and sampled
(Figure 2). Three soil profiles are Profundihumic Ferral-
sols identified as PF1, PF2, and PF3, which are nearly
1.3 km apart from the three Haplic Ferralsol profiles des-
ignated as HF1, HF2, and HF3 (Figure 2). Soil profiles
were investigated in excavated pits with the following
morphological attributes described in the field according
to Schoeneberger et al. (2012): horizon designation, col-
our, structure types, texture, and the quantity and size of
roots and pores. Soils were sampled by depth increment:
0–20, 20–40, 40–60, and 60–100 cm, to compare soil prop-
erties between Ferralsols at the same soil depth intervals.
Our point of using the upper 100 cm soil depth to com-
pare Profundihumic versus Haplic Ferralsols is to show
the direct and indirect effects of organic matter content
on soil porosity across different soil depths.

Soil samples were air-dried, sieved (2 mm), and pre-
pared for particle size and chemical analysis described as
follow. To disperse elementary particles before clay
content determination, 40 g of air-dried soil was dis-
persed with 16 h shaking treatment in 250 mL solution
composed of NaOH (0.1 mol L�1) and (NaPO3)6
(0.015 mol L�1). Clay content was estimated using the
hydrometer method, while the sand content was quanti-
fied after sand separation using wet sieving. Determina-
tion of basic soil properties included soil pH in water and
KCl, cation exchange capacity (CEC) determined with
1 M NH4OAc at pH 7, total carbon and nitrogen content
measured with a LECO elemental analyser, water-stable
aggregates (% of total soil mass) estimated with simulated
rainfall (Gugino et al., 2009), and soil bulk density.

To determine the bulk density (Db) of each depth
interval, we collected triplicate undisturbed soil cores
using stainless steel cylinders with a diameter of 3.6 cm

and a height of 5.4 cm. Bulk density was estimated as the
weight of oven-dried (105�C) soil divided by core volume.
We calculated total porosity (φ) based on bulk density
(Db) and particle density (Dp = 2.65 kg L�1, average par-
ticle density of Ferralsols from the study area,
Calegari, 2008) according to Equation 1.

φ %ð Þ¼ 100� Db soil
Dp

�100

� �
ð1Þ

Total carbon (C) and nitrogen (N) for each soil depth
interval are given as concentration of mass of C or N per
mass of dry soil (g kg soil�1) according to Equation 2.
The mass of the soil dried at 105�C is the mass reference.

C or N¼ C or N mass
Dry soilmass

ð2Þ

For soil classification purposes and stock estimations,
we calculated carbon and nitrogen concentrations for the
entire first 1 m of depth as a weighted average (C% and
N% w.t.) according to Equation 3, where t is the thickness
(cm) of the depth intervals.

C or N 0�100 cm soil depthð Þ¼
P

t�C% or N%ð Þ
100

ð3Þ

The stocks of C and N in the upper 1 m (10 dm) of
soil profile depth were estimated according to Equation 4,
where RF is rock fragment content (% of the total mass of
soil) measured by weighing the total rock fragments
retained on a 2 mm sieve:

CorN kg m�3
� �¼C or N %w:t:ð Þ�10 dm�Db kg L�1

� �
�100�%RF

100
ð4Þ

Morphological, physical, and chemical soil properties
were used to test our hypotheses and to classify the soil
profiles according to the World Reference Base for
Soil Resources (IUSS Working Group WRB, 2022).

2.3 | Carbon fractionation with NaOCl

We employed a carbon fractionation technique to deter-
mine carbon content and isotopic characteristics (δ13C
and Δ14C) of mineral-associated and total soil organic
matter. This allowed us to determine whether bulk den-
sity is dependent on the ratio between mineral-associated
and overall (total) carbon. Sodium hypochlorite (NaOCl)
was used to oxidize and remove carbon from soil organic

MARTINEZ ET AL. 5 of 23

 13652389, 2023, 5, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.13415 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [04/12/2023]. 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



matter that is unprotected by mineral phases (Siregar
et al., 2005). The residue after NaOCl oxidation was con-
sidered mineral-protected carbon (Kleber et al., 2005).
The experimental procedure of the NaOCl treatment is
described as follow. Briefly, 10 g of air-dried soil was
reacted with 100 mL of a solution of 6% NaOCl adjusted
to pH 8.0 by adding 32% HCl. Three treatment cycles of
6 h each were conducted at 25�C. Samples were centri-
fuged (2574 � g; 5 min), decanted, and the residues
washed twice using 100 mL 1 M NaCl and shaken over-
night with deionized water. Excess salts were removed by
dialysis using a membrane of 12–14,000 Da. When the
electrical conductivity reached <40 μs cm�1, the samples
were freeze-dried for further measurements of total car-
bon and nitrogen contents and isotopic analysis (δ13C
and Δ14C).

2.4 | Carbon isotope analysis

The concentrations of carbon isotopes (13C and 14C) in
combination with other parameters (e.g., C/N ratio) were
used to make inferences about the composition and turn-
over characteristics of the soil organic matter. We under-
stand that Δ14C values of soil organic matter do not
represent exactly how long the material has been in the
soil given that soil organic matter is continuously cycling
and receiving new carbon inputs while part is being lost as
CO2 (Torn et al., 2009). However, the Δ14C values
obtained in our study were used to provide quantitative
measures of the radiocarbon content that is considered
modern (after the year 1950) when δ14C values are positive
versus negative Δ14C values indicating pre-modern sample
(Stuiver & Polach, 1977). In addition, the 14C radiocarbon
age of large charcoal fragments (≥1 cm diameter) was
used to infer the fire history of the field area and to esti-
mate burial rates of the soil surface by soil animals (ants,
termites, and earthworms). It is well known that soil ani-
mals effectively transport soil materials to the ground sur-
face and equally bring material from the surface to
belowground (Johnson et al., 2005; Johnson &
Schaetzl, 2015). This transport of soil materials results in
the burial of large objects (e.g., charcoal fragments, cin-
ders, flints, and archaeological artefacts) left on the ground
surface (Darwin, 1881; Johnson et al., 2005). As a result,
the known age of large charcoals left on the ground sur-
face has been applied to quantify burial rates of the soil
surface by bioturbation (Boulet et al., 1995).

The concentration of the stable carbon isotope 13C is
presented herein as δ13C (see Equation 5), where δ13C
is a measure of the ratio 13C:12C in terms of isotope
concentrations. The international standard USGS40

(glutamic acid 40) was used in the δ13C calculation.
Measured Δ13C values were used to correct for mass-
dependent fractionation in the Δ14C notation in Equa-
tion 6, where Asn is the normalized sample activity nor-
malized for mass dependent isotopic fraction Aon is the is
the standard specific activity of the standard (Oxilic Acid,
primary 14C isotopic standard) normalized for mass
dependent isotopic fractionation, lambda is 1/8267
year�1, and x is the year of measurement (2021)
(Stuiver & Polach, 1977). The results of δ13C and Δ14C
are expressed in the delta per mil notation (‰).

δ13C ‰ð Þ¼
13C
12C

sample
13C
12C

standard
�1

 !
�1000 ð5Þ

Δ14C ‰ð Þ¼ Asneλ 1950�xð Þ

AON
�1

� �
�1000 ð6Þ

δ13C and Δ14C were determined in bulk-untreated
soils and in NaOCl-treated soils from all investigated soil
depth intervals of profiles PF1, PF2, PF3, and HF1. Taking
that NaOCl-treated soils contain more mineral-protected
organic matter than bulk-untreated soils, we determine
whether bulk density is dependent on the ratio between
isotope concentrations of mineral-associated and overall
(total) carbon. We also determined δ13C and Δ14C of char-
coal fragments (≥1 cm diameter) found at 55 cm of soil
depth in profile PF2. The concentration of the isotope 13C
in the soil samples was analysed with continuous-flow iso-
tope ratio mass spectrometry using a Carlo Erba elemental
analyser connected to a Thermo DeltaPlus isotope ratio
mass spectrometer at the Stable Isotope Laboratory, Ore-
gon State University (Corvallis, USA). Radiocarbon 14C
contents were measured by a NEC 1.0 MV Tandem accel-
erator mass spectrometer (AMS) at the Center for AMS at
Lawrence Livermore National Laboratory (California,
USA). Instrument and the sample preparation and graphi-
tization process used for radiocarbon 14C analysis are
described in Broek et al. (2021). Following archaeological
protocol, the conventional radiocarbon age of charcoal
fragments was calculated with Equation 7 where F = (N0/
N), N0 = the number of atoms of the isotope in the origi-
nal sample at time 0, and N the number of atoms left after
time t which assumes the Libby half-life (5568 years;
mean life 8033 years, mean life = the average time a given
atom will survive before undergoing radioactive decay)
rather than the correct value of 5730 years (Stuiver &
Polach, 1977) and were referenced to 1950 as 1950 A.D.
= 0 B.P.

14C age of charcoal fragments¼�8033 years ln F14C

ð7Þ
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2.5 | Black carbon determinations

Pyrogenic organic matter such as charcoal is produced by
the incomplete combustion of organic matter. Charcoal is
a highly porous and low-density material whose physical
properties play a key role in total soil porosity (Batista
et al., 2018). Because studies reported that Profundihumic
Ferralsols have high charcoal contents (Marques
et al., 2015; Velasco-Molina et al., 2016), we examined to
what extent the pyrogenic organic matter content affects
the total porosity of Profundihumic Ferralsols in compar-
ison to Haplic Ferralsols. To this, black carbon content
(i.e. thermally altered carbon particles having a graphitic
microstructure) in all 26 soil samples were quantified
using the benzene polycarboxylic acid (BPCA) method
(Glaser et al., 1998). This method uses nitric acid to oxi-
dize the extended condensed aromatic sheets (graphite
structure) into individual carboxylated benzene rings that
can be isolated and quantified using high performance
liquid chromatography (HPLC). Soil samples containing
�5 mg of organic carbon were digested in 5 mL HNO3 at
170�C for 8 h using pressurized microwave vessels (Mars
6, CEM). Samples were filtered through glass fibre filters
(Whatman, GF/A) and the remaining solids were washed
with 5 mL of NaOH (1 M). Samples were diluted to
50 mL with deionized water, frozen with liquid nitrogen,
and freeze-dried (LabConco FreeZone Plus). A 1 mL ali-
quot of sample was transferred to a clean vial and ana-
lysed in a HPLC Shimadzu. External standards of pure
BPCA solutions were used to construct 6-point calibra-
tion curves to determine the concentrations of individual
BPCAs. The separation and quantifications of BPCAs
(B3CA, B4CA, B5CA, and B6CA) were based on the area
of the chromatography peak yielded by the HPLC. The
sum of all BPCAs was used as an estimate of black car-
bon content as the percentage of total organic carbon.

2.6 | Soil porosity assessed with X-ray
computed tomography

Total pore space and pore connectivity within soil aggre-
gates of 4–5 mm diameter were estimated using x-ray
computed tomography (Wildenschild & Sheppard, 2013).
We deployed microtomography as opposed to large-scale
tomography because the porosity of Ferralsols is not
determined by macrostructure, rather, Ferralsol porosity
is controlled by the arrangement of microaggregates
(Balbino et al., 2002). The studied aggregates of 4–5 mm
diameter in Ferralsols likely correspond to remnants
structures (e.g., walls of galleries or cavities) created by
earthworms (casts) or ants/termites burrowing activity
and related material displacement within the whole soil

groundmass (Bruand & Reatto, 2022; Reatto et al., 2009).
We separated soil aggregates using a sieve with manual
agitation during 30 s and no force was applied to break
large aggregates into small ones. We examined soil aggre-
gates from 0 to 20 and 60 to 100 cm soil depth intervals
from profiles PF1, PF2, HF1, and HF3. These depth inter-
vals were chosen because we focused on the comparison
between the surface and deep subsurface soils of Profun-
dihumic Ferralsols and Haplic Ferralsols. For each soil
depth interval, we examined 3 soil aggregates, amounting
to a total of 24 soil aggregates. The images of the
aggregates were acquired at Oregon State University's
micro-CT facility. Scanning was performed in a helical
trajectory at 80 kV tube voltage, 50 mA tube current with
0.5 s exposure time, and 0.8 mm aluminium filter. Helical
cone-bean filtered back-projection was used for the
reconstruction of 3D images and resulted in a voxel reso-
lution of 3.5 μm. Image processing was performed in
ImageJ software with a 3D median filter with a kernel
size of 3 voxels (3.5 � 3.5 � 3.5 μm3 in volume) followed
by a 3D-shaped mask filter. To generate the binary
images with particles in white and pore phases in black,
the histogram of each set of soil aggregate images was
joined, and the minimum grayscale value between the air
and the soil matrix peaks was taken as the threshold
value.

Pore space area analysis was achieved for the follow-
ing pore types: (1) surface disconnected pores, that is,
investigated pores without connection to the surface of
the aggregate according to the equipment used. The pores
were segmented by applying a 3D fill hole algorithm to
fill all the internal isolated pores, and subtracting the
filled image from the initial segmented image; and (2) sur-
face connected pores defined by applying a black top-hat
transform which defines the difference between a mor-
phological closing algorithm and the segmented image.
The volume of the soil aggregate was delineated using a
morphological closure algorithm, and the space inside
the aggregates was calculated as the volume fraction of
the pore phase in the aggregated volume. Both pore types
were merged into a single pore space to calculate the total
pore space inside the studied soil aggregates. Using a
watershed transform on the pore space image, the pore
bodies were separated, and morphological metrics were
calculated for each cluster to assess the different metric
distributions. Pore connectivity was inferred according to
the volume of disconnected pores. We calculated the
Euler number for each soil aggregate to determine a topo-
logical invariant that serves as an indicator of connectiv-
ity defined according to Equation 8, where χ is the Euler
number, β0 is the number of clusters, β1 is the number of
redundant connections or loops, and β2 is the number
of cavities within the object. Negative Euler values
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indicate a well-connected pore phase, while positive
values indicate that the pore system is predominantly
disconnected.

χ¼ β0�β1þβ2 ð8Þ

2.7 | Modelling the dilution of soil
particle density

Previous studies have argued that organic matter directly
reduces soil bulk density because the density of organic
matter is less than that of soil minerals (Adams, 1973;
Ruehlmann & Körschens, 2009). The underlying assump-
tion here is that the bulk density of soils depends exclu-
sively on the densities of phases that are present and on
the relative contribution of each phase to the volume of
interest. Using 1.3 kg L�1 as the presumed density
of organic matter (POM) (Adams, 1973), we calculated the
extent of organic matter accumulation required to achieve
the observed difference in bulk density between Haplic and
Profundihumic Ferralsols. Initially, bulk density for each
depth interval of the studied Profundihumic Ferralsols and
Haplic Ferralsol profiles was back-calculated according to
the average density of solid constituents (organic matter
and minerals). The volume of organic matter (VOM) in the
soil was calculated using its mass proportion and specific
mass, that is, “particle density”. The mass unit of oven-
dried soil (MSOIL, kg) is equal to the sum of a mass of min-
eral compounds (MMC, kg) and a mass of organic matter
(MOM, kg) (Equation 9). And the bulk volume of the soil is
equal (VSOIL, L kg�1) to the reciprocal of the bulk density
(Db, kg L�1). We estimated soil bulk density (Db0) using
equation 9, where PMC (2.685 kg L�1) and POM (1.3 kg L�1)
are the particle density of the mineral and organic matter
compounds, respectively. We estimated MOM using the
conversion factor 2 of soil organic carbon (Pribyl, 2010).
We adopted the reference value of 2.685 kg L�1 as POM
since it is the average soil mineral density in the studied
Profundihumic Ferralsols (Calegari, 2008).

MSOIL ¼MMCþMOM

VSOIL ¼ 1=Db

VOM ¼MOM=POM

VMC ¼MMCþPMC

Db0 ¼ 1
VOM þVMCð Þ¼

1
MMC
PMMC

þMOM
POM

� � ð9Þ

The estimated and measured soil bulk density are
well correlated, r2 = 1.0 (Data S1, Figure SI2.1a). Once

we validated our model, the concentration of organic
matter was increased such that the bulk density of Haplic
Ferralsols eventually reached the average bulk density of
the studied Profundihumic Ferralsols (Data S2). We sim-
ulated the increase in organic matter content based on
the starting value of carbon concentration that was mea-
sured in the studied soils.

2.8 | Data analysis

We used linear regressions with bulk density as the
dependent variable whereas the following properties
were treated as predictor variables: clay content, clay+silt
content, pH, CEC, carbon concentration of untreated and
NaOCl-treated soils, C/N ratio, black carbon content,
and carbon isotope concentrations (δ13C and Δ14C). The
predictor variables with a moderate correlation with bulk
density (r2 > 0.5) were combined in multiple regression
models and represented in 3D plots. For the multiple lin-
ear regressions, we normalized the data using z-score
normalization. We used Student's t-test to determine sta-
tistical differences of the predictor variables between Pro-
fundihumic Ferralsols and Haplic Ferralsols for the
whole control section (0–100 cm soil depth interval). We
determine statistical differences for each soil depth inter-
val (0–20, 20–40, 40–60, 60–100 cm) between Profundihu-
mic Ferralsols and Haplic Ferralsols using ANOVA and
Tukey's HSD test. All the statistical analyses were made
in the software RStudio.

3 | RESULTS

3.1 | Soil morphology and classification

Profundihumic Ferralsols consistently displayed dark col-
ours (value ≤3), a strong granular and a weak subangular
blocky structure, and sandy clay texture to 1 m depth for
all three soil profiles studied (Tables 1 and 2). Haplic Fer-
ralsol profiles were lighter in colour (value ≥4) and pre-
sented evidence for structural and textural properties that
were similar to the PF profiles, with the exception of pro-
file HF3 which contained nearly 10% more clay than all
the other profiles in the study (Tables 1 and 2). The
absence of clay illuviation combined with low reactivity
(CEC <9 cmolc kg�1) at subsurface (40–100 cm soil
depth) is indicative of a ferralic diagnostic horizon
(Tables 1 and 2). The Profundihumic Ferralsols studied
here contain hyper-developed A-horizons that are at least
1 m thick. As a result, the entire vertical control
section in the PF profiles of our study corresponds to the
A horizon. This is evident when observing the dark

8 of 23 MARTINEZ ET AL.

 13652389, 2023, 5, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.13415 by U

niversity O
f C

alifornia - D
avis, W

iley O
nline L

ibrary on [04/12/2023]. 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



TABLE 1 Morphological attributes of the studied Profundihumic Ferralsols (PF) and Haplic Ferralsols (HF).

Soil profile/
soil classa

Depth
Horb

Colorc
Structd Texte

Roots Pores

cm Moist Quantf Sizeg Quantf Sizeg Shape

PF1 0–20 A1 7.5YR 2.5/2 GR/SB SC M M/F/
VF

M C/M/
F

IR/DT/TU

20–40 A2 7.5YR 3/2 SB/GR SC M M/F M M/F IR/DT/TU

40–60 A3 7.5YR 3/3 SB/GR SC M M/F/
VF

C M/F IR/TU

60–100 A3 7.5YR 3/3 SB/GR SC C C/M/
F

C VC/
M/
F

IR/DT/TU

PF2 0–20 A1 7.5YR 2.5/2 GR/SB SC M C/M/
F

M M/F IR/DT/TU

20–40 A2 7.5YR 3/3 SB/GR SC M M/F M M/F IR/TU

40–60 A2 7.5YR 3/3 SB/GR SC M M/F/
VF

M M/F IR/TU

60–100 A3 7.5YR 2.5/2 SB/GR SC C C/M/
F

C C/M/
F

IR/DT/TU

PF3 0–20 A1 5YR 3/2 GR/SB SC M M/F/
VF

M M/F IR/DT/TU

20–40 A1 5YR 3/2 GR/SB SC M M/F M M/F IR/DT/TU

40–60 A2 5YR 3/3 SB/GR SC M C/M/
F

C C/M/
F

IR/TU

60–100 A3 5YR 4/3 SB SC C M/F C MF IR/DT/TU

HF1 0–20 A 5YR 4/3 GR/SB SC M M/F/
VF

M C/M/
F

IR/DT/TU

20–40 AB 5YR 4/3 SB/GR SC M M/F M M/F IR/DT/TU

40–60 B 5YR 5/4 SB/GR SC C M/F C C/M/
F

DT/TU

60–100 B 5YR 5/4 SB SC F F C MF DT/TU

HF2 0–20 A 7.5YR 4/3 SB/GR SC M M/F/
VF

M C/M/
F

IR/DT/TU

20–40 AB 7.5YR 4/4 SB/GR SC M M/F M C/M/
F

IR/TU

40–60 B 7.5YR 5/4 SB SC F F C M/F IR/TU

60–100 B 7.5YR 5/4 SB SC F F C F IR/DT

HF3 0–20 A 7.5YR 4/4 GR/SB C M M/F/
VF

M C/M/
F

IR/DT/TU

20–40 AB 7.5YR 4/4 SB/GR C M M/F M C/M/
F

IR/DT/TU

40–60 B 7.5YR 5/4 SB/GR C C M/F C M/F IR/TU

60–100 B 7.5YR 5/4 SB C F F C F DT/TU

aSoil classification according to the World Reference Base for Soil Resources (IUSS Working Group WRB, 2022).
bSoil horizon designation.
cMunsell colour.
dSoil structure types: GR: granular, SB: subangular blocky. First code represents the dominant structure type.
eSoil texture class: SC: sandy clay; C: clay.
fQuantity as average count of roots and pores per assessed area of 10 cm2: M: many (≥ 5), C: common (1–5), F: few (<1).
gSize: C: coarse (5–10 mm diameter), M: medium (2–5 mm diameter), F: fine (1–2 mm diameter), VF: very fine (<1 mm diameter). Shape: IR: interstitial;
DT: dendritic tubular; TU: tubular.
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colour and abundance of roots along the first 1 m of soil
depth (Table 1, Figure 2a). The dark colour (value ≤3)
and high carbon concentration as a weighted average
(C% w.t. ≥1.6, Table 2) in the first 1 m of soil depth in the
PF profiles indicate the presence of an Umbric epipedon
and satisfy the requirement for the Profundihumic quali-
fier (C% w.t. ≥ 1.4 and ≥1% soil organic carbon through-
out) of the World Reference Base for Soil Resources
(IUSS Working Group WRB, 2022). Therefore, profiles
PF1, PF2, and PF3 are classified as Profundihumic Ferral-
sols. Because all soil profiles exhibited colours in the
range of 5YR and 7.5YR, we excluded the qualifiers
Xanthic and Rhodic. For the HF-profiles, the colour
value ≥4 and the texture sandy clay or finer indicate the
presence of an Ochric epipedon. Hence, all HF profiles
key out as Haplic Ferralsols.

The visual assessment of soil profiles in the field
(2D view) indicates that the subsurface (60–100 cm) of
the studied Profundihumic Ferralsols contain 7 ± 2 roots
per 10 cm2, whereas Haplic Ferrasols have 2 ± 1
roots per 10 cm2 (Figure 3, Table 1). For the entire con-
trol section (0–100 cm soil depth interval), Profundihu-
mic Ferralsols contain twice as many roots as the Haplic
Ferralsols (Figure 3). At the subsurface (60–100 cm soil
depth), PF profiles have coarse and medium size roots
(10–2 mm diameter) whereas Haplic Ferralsols contain
predominantly fine size roots (<2 mm diameter). Some of
these deep coarse roots in Profundihumic Ferralsols were
dead and highly decomposed. Our visual assessment
indicates that after the roots have been completely
decomposed, they leave behind coarse and very coarse
pores (Figure 3). The abundance of roots (≥5 roots per
10cm2) in the subsurface (60–100 cm soil depth) strongly
suggests the involvement of roots in the genesis of pores
both at surface and subsurface soils.

There is a clear relationship between root and pore
size in the subsurface soils. The average count of coarse
roots and pores (5–10 mm diameter) is ≥5 per 10 cm2 at
60–100 cm depth interval in Profundhumic Ferralsols,
whereas Haplic Ferralsols have few (≤1 per 10 cm2)
coarse roots and pores at the same subsurface (Table 1).
In terms of pore morphology, we identified interstitial
pore shape (i.e. voids between microaggregates of sand
size ≤2 mm) in the upper 40 cm and between 60 and
100 cm of soil depth. The frequency of interstitial pore
shape in subsurface (>40 cm depth) soil is greater in Pro-
fundihumic Ferralsols than the Haplic Ferralsols. In all
studied soils, we found dendritic/tubular pores
(i.e., cylindrical, elongated, and branching voids) which
can be empty and occupied by roots, especially at surface
soils (0–30 cm), but we identified coarse dendritic/
tubular pores at 60–100 cm soil depth. Medium tubular
pores observed in the studied soil profiles may also be

formed by earthworm activity. All soils consistently dis-
play interstitial pores connected as a network of channels
which are likely related to ant or termite activity.

3.2 | Carbon and nitrogen contents

Average carbon stock and concentration from 0 to
100 cm soil depth are significantly higher in Profundihu-
mic Ferralsols (18 ± 1 kg C m�2 and 1.7 ± 0.1% w.t.)
than in Haplic Ferralsols (11 ± 2 kg C m�2 and 1.0
± 0.1% w.t.), p-value = 0.01 (Table 2). The difference in
carbon concentration between Profundihumic and Hap-
lic Ferralsols increases substantially with soil depth
(Figure 4b). In the first 20 cm of soil depth, Profundihu-
mic Ferralsols contain a slightly higher carbon concentra-
tion (23 ± 3 g C kg�1) than Haplic Ferralsols (17
± 3 g C kg�1). At 60 to 100 cm of soil depth, Profundihu-
mic Ferralsols have more than double the carbon concen-
tration (15 ± 2 g C kg�1) of Haplic Ferralsols (6
± 1 g C kg�1), p-value = 0.01 (Figure 4b, Table 3). A sim-
ilar pattern was observed for nitrogen content. Only at
60–100 cm of soil depth do Profundihumic Ferralsols
show significantly greater nitrogen concentration (0.73
± 0.12 g N kg�1) than Haplic Ferralsols (0.45
± 0.09 g N kg�1), p-value = 0.06. Based on the depth-
profile distribution of carbon and nitrogen contents, we
infer that the effects of organic matter on the variability
of bulk density between Profundihumic and Haplic Fer-
ralsols are likely more relevant at the subsurface (60–
100 cm soil depth) than near the soil surface.

The C/N ratios were significantly higher in Profundi-
humic Ferralsols (18 ± 2) than in Haplic Ferralsols (14
± 1), p-value<0.001 (Figure 4c, Table 3). The C/N ratio
follows the same depth profile distribution of BC content
and Δ14C (Figure 4c–e). In addition, the C/N ratio of the
soils increased as a function of BC content in all soil
depth intervals separately (r2 ≥ 0.34) and in the entire
0–100 cm soil depth (r2 = 0.59) (Data S3, Figure SI3.5).
Carbon concentration in NaOCl-treated soils is also
greater in Profundihumic Ferralsols (8 ± 1 g C kg�1)
than in Haplic Ferralsols (5 ± 1 g C kg�1), p-value< 0.01
(Figure 4f, Table 3).

3.3 | Black carbon content and charcoal
occurrence

Profundihumic Ferralsols have greater BC content (7
± 2% of total C) than Haplic Ferralsols (4 ± 1% of total C)
in the first 100 cm of soil depth, p-value = 0.001. The dif-
ference in BC content between Profundihumic Ferralsols
and Haplic Ferralsol also increases with soil depth
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(Figure 4d). At 60-100 cm of profile depth, the average
BC content in Profundihumic Ferralsols (9 ± 2% of total
carbon) is nearly double that of Haplic Ferralsols (5 ± 1%
of total carbon). Large charcoal fragments (≥1 cm diame-
ter) occupied more than 5% of the area of the soil
between 50 and 55 cm of Profundihumic Ferralsols.
These charcoal fragments were found in lines parallel to
the soil surface.

3.4 | Carbon isotope concentrations

δ13C values of untreated and treated soils are similar in
Profundihumic (�20 ± 2‰) and Haplic Ferralsols (�20
± 1‰) (Figure 4i,j, Table 3). At the top 40 cm of soil
depth, Profundihumic Ferralsols have slightly lower δ13C
values (untreated soils) than the Haplic Ferralsol
(Figure 4j). However, no difference was observed in δ13C
values at the subsurface below 40 cm of soil depth. In
contrast, Δ14C values are more negative in Profundihu-
mic Ferralsols than in the Haplic Ferralsol for all soil
depths (Figure 4e,h, Table 3). There is a decrease in Δ14C
values as a function of soil depth in all soil profiles indi-
cating that the soils received more inputs of modern car-
bon from plant debris and roots at the surface (0–30 cm
soil depth) compared to deep parts of the soil profile
below 30 cm of soil profile depth (Figure 4e,h). Δ14C
values in 0–20 cm of soil depth are �21 ± 27‰ and 37‰

for Profundihumic and Haplic Ferralsols, respectively.
Positive Δ14C values at 0–20 cm of soil depth confirmed
that modern carbon inputs occur near the soil surface in
association with the presence of fresh roots in the soil
profiles. The difference in Δ14C values between Profundi-
humic and Haplic Ferralsols is more pronounced at the
subsurface (40–60 and 60–100 cm soil depth) than in
the top 20 cm of soil depth. At the soil depth interval of
60–100 cm, Δ14C values are substantially more negative
in Profundihumic Ferralsols (�269 ± 34‰) than in the
Haplic Ferralsol (�164‰). The Δ14C values of the Ferral-
sols presented here aligned well with the following global
mean Δ14C values of soils from tropical forests: +7 and
�250‰ for surface and subsurface soils, respectively (Shi
et al., 2020). Δ14C values of PF profiles are similar to the
lowest Δ14C values for soils from savanna: �144 and
�439‰ for surface and subsurface soils, respectively
(Shi et al., 2020).

3.5 | Bulk density, total pore space,
and water-stable aggregates

Average bulk density for the entire 0–100 cm of soil
depth is lower in Profundihumic Ferralsols (1.05
± 0.08 kg L�1) than in Haplic Ferralsols (1.21
± 0.05 kg L�1), p-value < 0.001 (Figure 4b, Table 2). Bulk
density in Profundihumic Ferralsols is significantly lower

FIGURE 3 Soil profiles with the highest quantity of roots and bioturbation features among the studied Profundihumic Ferralsols

(a) and Haplic Ferralsols (b). Profundihumic Ferralsol (a) has more roots at the subsurface (60–100 cm of soil depth) than Haplic Ferralsol

(b). The yellow arrows indicate examples of roots at 60 to 100 cm of soil depth in both soil profiles. Once the roots have died and

decomposed, they leave behind coarse pores. The purple arrows indicate krotovinas, i.e. bioturbation features (animal burrows) filled with

soil. Although all Ferralsols have abundant bioturbation features, the studied Profundihumic Ferralsols contain a greater quantity of

krotovinas (especially at 60–100 cm of soil depth) than Haplic Ferralsols.
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than in Haplic Ferralsols for all investigated soil depth
intervals, p-value < 0.01 (Figure 4a). The variability of
bulk density in the studied Profundihumic Ferralsols is

not a function of the particle size distribution (r2 ≤ 0.14)
(Data S3, Figure SI3.1–SI3.4). Rather, bulk density and
carbon content of soil follow the same soil depth

FIGURE 4 Depth profile distribution of the studied soil properties (a): Bulk density of Profundihumic Ferralsols is significantly lower than

that of Haplic Ferralsols for all soil depths. (a,b): Bulk density and carbon content of untreated soil follow the same soil depth distribution. (b–e,
j): Data of untreated soil (without NaOCl oxidation) indicate that Profundihumic Ferralsols have greater carbon content, C/N ratio, black carbon

content, and more negative Δ14C values than Haplic Ferralsols for all soil depths. (c–e): C/N ratio, black carbon content, and Δ14C values have

similar soil-depth distribution. (f–i): Data of treated soil with NaOCl oxidation was considered the mineral-associated carbon. Profundihumic and

Haplic Ferralsols have a similar mineral-associated carbon content in the first 40 cm of soil depth. (l–o): particle-size distribution does not vary

significantly between the studied Ferralsols nor follow the soil-depth distribution of the bulk density. Data from 3 Profundihumic Ferralsols

profiles and 3 Haplic Ferralsols profiles (except for Δ14C and δ13C which were determined in 1 Haplic Ferralsols profile and 3 Profundihumic

Ferralsols profiles). Horizontal bars correspond to the standard deviations associated to every mean value computed.
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distribution (Figure 4a,b). When examining soil depth
intervals separately, bulk density decreases as a function
of the increase in carbon content (r2 ≥ 0.46), C/N ratio
(r2 ≥ 0.41), and black carbon content (r2 ≥ 0.58)
(Figure 5). However, at the subsurface (60–100 cm soil
depth), bulk density has a stronger correlation with car-
bon content (r2 = 0.87) and black carbon content
(r2 = 0.71) compared with the upper 20 cm (Figure 5).
Because topsoil (0–20 cm) undergoes more frequent and
shorter wetting-drying cycles than the subsurface soil
(Silva et al., 2012), we infer that wetting-drying cycles
may reduce the effects of organic matter on bulk density
near the soil surface compared with the subsurface

(60–100 cm soil depth). Multiple regression models for
the entire 0–100 cm of soil depth indicated that bulk den-
sity correlated well with carbon content when combined
with C/N ratio (r2 = 0.51), black carbon content
(r2 = 0.75), and Δ14C (r2 = 0.81) (Figure 6).

Total pore space estimated with bulk density is
greater in Profundihumic Ferralsols (61 ± 3%) than in
Haplic Ferralsols (55 ± 2%). Profundihumic Ferralsols
have more water-stable aggregate (80 ± 6% of total soil
mass) than Haplic Ferralsols (70 ± 7% of total soil mass)
(Table 2). The amount of water-stable aggregates
increases as a function of carbon content in untreated soil
(r2 = 0.68) (Data S3, Figure SI3.6).

TABLE 3 Total carbon, nitrogen, black carbon contents, and isotope concentrations in the studied Profundihumic Ferralsols (PF) and

Haplic Ferralsols (HF).

Soil profile/soil classa

Depth Untreated samplesc Samples treated with NaOCld

cm C
N C/N

δ13C
Δ14C

BCb C
N C/N

δ13C
Δ14C

g kg�1 ‰ % of total C g kg�1 ‰

PF1 0–20 23.4 1.4 17 �18.8 �50.4 5.3 8.1 0.2 41 �19.5 �158.6

20–40 18.9 1.1 17 �20.4 �103.0 6.3 7.6 0.3 25 �20.8 �197.9

40–60 19.2 1.0 19 �21.6 �139.0 6.8 7.6 0.2 38 �21.4 �238.5

60–100 16.9 0.9 19 �23.4 �249.9 9.4 8.1 0.3 27 �22.4 �333.2

PF2 0–20 19.9 1.3 15 �17.8 �27.3 5.7 6.9 0.2 35 �18.3 �174.1

20–40 18.2 1.1 17 �20.3 �150.2 7.0 5.9 0.2 30 �20.2 �306.5

40–60 14.5 0.8 18 �21.9 �246.1 12.3 7.4 0.2 37 �21.3 �329.5

60–100 13.9 0.7 21 �23.5 �316.8 10.9 8.6 0.3 29 �22.4 �388.8

PF3 0–20 26.4 1.8 15 �19.6 15.6 3.9 10.9 0.3 36 �21.7 �79.8

20–40 17.1 1.2 14 �21.1 �77.2 5.2 9.6 0.3 32 �21.7 �180.9

40–60 14.4 0.8 18 �20.9 �157.6 7.0 8.3 0.2 42 �19.5 �241.6

60–100 12.9 0.6 22 �16.6 �239.0 7.6 7.5 0.2 38 �15.4 �323.9

HF1 0–20 20.7 1.6 13 �20.4 37.2 4.0 7.8 0.3 26 �21.1 �67.7

20–40 14.0 1.1 13 �22.7 6.9 4.0 6.4 0.3 21 �22.6 �83.2

40–60 10.3 0.8 14 �21.9 �64.1 4.9 3.8 0.3 13 �20.9 �173.9

60–100 7.1 0.5 14 �22.0 �164.0 6.5 3.4 0.2 17 �21.2 �289.0

HF2 0–20 14.2 0.9 15 na na 3.0 6.6 0.3 22 na na

20–40 9.9 0.7 14 na na 4.4 6.5 0.3 22 na na

40–60 7.6 0.5 16 na na 5.1 5.9 0.3 20 na na

60–100 5.5 0.3 17 na na 5.7 4.2 0.3 14 na na

HF3 0–20 15.1 1.2 13 na na 2.8 5.5 0.2 28 na na

20–40 10.0 0.9 11 na na 2.8 4 0.2 20 na na

40–60 8.1 0.7 12 na na 3.9 7.2 0.4 18 na na

60–100 5.8 0.5 11 na na 4.1 4.3 0.3 14 na na

Abbreviation: na, data not available.
aSoil classification according to the World Reference Base for Soil Resources (IUSS Working Group WRB, 2022).
bBlack carbon (pyrogenic carbon) determined according to the benzene polycarboxilic acid (BPCA) method (Glaser et al., 1998; Brodowski et al., 2005).
cAir-dried soils without NaOCl oxidation.
dThe residual soil after NaOCl oxidation was considered the mineral-associated carbon (Mikutta et al, 2006).
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3.6 | X-ray computed tomography
of soil pores

X-ray computed tomography revealed that total pore
volume inside 24 soil aggregates of 4-5 mm diameter
does not vary significantly between Profundihumic and
Haplic Ferralsols (Figure 7a, Table 4, p-value> 0.4). For
this reason, differences in total pore volume between
Profundihumic Ferralsols and Haplic Ferralsols are
likely caused by processes that influence macroporosity,
for example, rooting and borrowing. Disconnected pore
volume is greater in Haplic than in Profundihumic Fer-
ralsols (Figure 7b). Pore connectivity is correlated with
the carbon content of soils without NaOCl treatment
(r2 = 0.33) and with NaOCl-treatment (r2 = 0.21)
(Figure 7c,d). For all investigated soils, intra-aggregate
pore volume is significantly greater at the subsurface
(60–100 cm of soil depth) than in the upper 20 cm of
soil depth (Figure 7a, Table 3). Such difference in pore
volume is recognizable in the images of soil aggregates
from 0 to 20 cm (Figure 7e,f) and 60–100 cm of soil
depth (Figure 7g,h).

3.7 | Dilution of the soil particle density
by organic matter addition

Although a dilution effect must be considered an obvious
physical reality (Adams, 1973; Ruehlmann & Körschens,
2009), our estimated scenarios indicate that a 13-fold
increase in carbon content would be required to bring
Haplic Ferralsols to the same bulk density level as in Pro-
fundihumic Ferralsols (Data S1, Figure SI1.1b).

4 | DISCUSSION

Our results allowed us to reject the hypothesis that bulk
density in Profundihumic Ferralsols is a function of
particle-size distribution (% of sand, silt, and clay)
(Data S3, Figure SI3.1–SI3.4). In addition, the mineral-
ogical composition of Profundihumic Ferralsols is not
significantly different from that of all other Ferralsols
(Araujo et al., 2017; Marques et al., 2011; Schaefer
et al., 2008). Both Profundihumic and Haplic Ferralsols
formed from siliciclastic rocks in southeastern Brazil

FIGURE 5 Bulk density decreases as a function of carbon content (a/b), C/N ratio (c/d), and black carbon content (e/f) of untreated

soils. (a/b): The relationship between bulk density and carbon content is greater at the subsurface (60–100 cm of soil depth) than in the top

20 cm of soil depth. Topsoil (0–20 cm) of Ferralsols undergoes more frequent and short wetting-drying cycles than the subsurface

(60–100 cm), thus wetting-drying cycles near the soil surface are likely important players that reduce the effect of organic matter on bulk

density. (e/f): Bulk density has a greater correlation to black carbon content at the subsurface than in the topsoil, which is likely associated

with a nearly double black carbon content at 60–100 cm soil depth than in the top 20 cm of soil depth. Horizontal and vertical bars

correspond to the standard deviations associated to every mean value computed.
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have essentially a kaolinitic clay mineralogy with lower
oxide content compared to Ferralsols from basaltic par-
ent material (Marques et al., 2011; Schaefer
et al., 2008). Therefore, we excluded mineral properties
as the cause of the low bulk density (high porosity) in
the investigated Profundihumic Ferralsols. Rather, the
variability in bulk density (and total pore volume)
between the studied Ferralsols correlates to carbon con-
tent and organic matter composition (C/N ratio and BC
content). Based on our models (Data S2) and consider-
ing that Profundihumic Ferralsols have just two times
more carbon content than all other Ferralsols (Batjes,
1996), we reject the hypothesis that bulk density of Pro-
fundihumic Ferralsols was modified by simple dilution
of the particle mineral density. We further discuss that
it is more likely that organic matter indirectly modifies
the porosity (and bulk density) of Profundihumic Fer-
ralsols by stimulating natural bioturbation processes
(e.g., rooting and burrowing).

4.1 | Organic matter accumulation
increases bioturbation

Bioturbation, also known as the physical displacement of
soil materials by organisms, is a key process that influ-
ences ecosystem functioning via soil formation (Cosar-
insky & Roces, 2007; Johnson et al., 2005; Wilkinson
et al., 2009). Bioturbation is also involved in soil aggrega-
tion which increases soil porosity and leads to feedback
between abiotic and biotic soil components in both the
present day and geologic past (Jouquet et al., 2006;
Lavelle et al., 2020; Martinez et al., 2019, 2021). Our data
emphasize that Profundihumic Ferralsols contain more
bioturbation features (roots and burrows) than Haplic
Ferralsols in the first 1 m of the soil profile (Figure 3,
Table 1). The living roots and decomposing organic mat-
ter provide food for the macrofauna that increases poros-
ity in the soil. In our study soils, pores are probably
formed by a combination of the three macrofauna actors
(termites, ants, and earthworms), although ants and ter-
mites are more frequently observed than earthworms in
Ferralsols from Brazilian Cerrados (Balbino et al., 2022).
Increasing soil organic matter content likely enhances
the resources for biological activity of roots and soil ani-
mals which would lead to more bioturbation activity,
thus, increasing soil porosity. Many studies indicate that
root growth increases following the addition of organic
matter into the soil (Hoffland et al., 2020; Johnston
et al., 2009; Sangakkara et al., 2006). The reason for such
a positive relationship is that decayed organic matter sup-
plies nutrients (e.g., nitrogen and phosphorus) that are
crucial for plant development (Hoffland et al., 2020; Van
der Ploeg et al., 1999). Soil organic matter can also
increase water infiltration which benefits the growth of
deep roots (Johnston et al., 2009; Sparling et al., 2006).
Field and laboratory experiments demonstrate that soil
animals (e.g., earthworms) preferentially burrow in soil
layers that are rich in organic matter avoiding layers with
low organic matter content (Capowiez et al., 2021;
Cook & Linden, 1996). Organic matter found as litter at
the soil surface or in different forms within the soil pro-
file is food for soil animals and, as such, has a strong
influence on their abundance and the intensity of bur-
rowing (Capowiez et al., 2021). Thus, having more
organic matter content in Profundihumic Ferralsols than
in other Ferralsols would also result in a greater resource
for animals and plants in Profundihumic Ferralsols as we
observed in the field more roots and animal burrows than
in Haplic Ferralsols. However, differential organismic
activity could have other reasons than elevated organic
matter content, such as soil moisture, particle size distri-
bution, and land use (Johnson et al., 2005; Wilkinson
et al., 2009). Soil moisture may be affected by a variety of

FIGURE 6 Multiples linear regression represented in 3D plots

showing that bulk density is a function of carbon content when

combined with normalized black carbon content (a), C/N ratio

(b), and Δ14C (c). Soil samples are from the first 100 cm of soil

depth. Data of predictor variables were normalized using z-score

standardization in the “scale” function in RStudio software.
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FIGURE 7 Porosity data obtained from X-ray computed tomography of soil aggregates of 4–5 mm diameter. (a) Total pore space inside

the aggregates does not significantly differ between Profundihumic Ferralsols and Haplic Ferralsols, p-value >0.4. (b) Disconnected pore space

(i.e. investigated pores without connection to the surface of the aggregate) is greater in Haplic than in Profundihumic Ferralsols. The asterisk

symbol indicates a significant difference (p-value <0.07). (c/d): Pore connectivity is a function of carbon content in untreated soil (c) in NaOCl-

treated samples (d). Euler characteristic is an indicator of pore connectivity. (e–h): Examples of binary images used in this investigation. (e/f):

Soil aggregates of Profundihumic Ferralsols from topsoil (0–20 cm depth, e) and subsurface (60–100 cm of soil depth, f). Red arrows indicate

small pieces of charcoal. (g/h): Soil aggregates of Haplic Ferralsols from topsoil (0–20 cm depth, e) and 60–100 cm of soil depth (h).

TABLE 4 Porosity parameters determined with X-ray computed tomography of soil aggregatesa from Profundihumic Ferralsols (PF) and

Haplic Ferralsols (HF).

Soil profile

Depth Intra-aggregate pore space Disconnected poresb

cm % % of total pore space

PF1 0–20 19.1 ± 4.2 2.7 ± 1.1

60–100 24.4 ± 2.1 2.5 ± 0.2

PF2 0–20 10.6 ± 0.6 4.8 ± 1.0

60–100 21.4 ± 2.0 2.7 ± 0.4

HF2 0–20 15.3 ± 1.4 8.8 ± 1.1

60–100 20.4 ± 6.2 4.4 ± 2.5

HF3 0–20 11.5 ± 3.3 9.2 ± 3.4

60–100 20.3 ± 6.3 5.4 ± 2.3

aThree soil aggregates of 4–5 mm diameter were analysed per soil depth interval.
bDisconnected pores: investigated pores without connection to the surface of the aggregate.
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soil characteristics (e.g., particle size distribution and
porosity) and landscape features (e.g., curvature of the
terrain, flooding events, and hydrological regimes
upstream). In this study, particle size distribution and
land use are constant in both Profundihumic Ferralsols

and Haplic Ferralsols. In addition, all soil profiles investi-
gated here are on flat plateaus that are unlikely to receive
upstream water flux.

Another piece of evidence for the greater bioturbation
activity in Profundihumic Ferralsols than in Haplic

FIGURE 8 Model of pore space formation in Ferralsols as a function of organic matter inputs and bioturbation intensity. The top

schematic diagrams show the dissolution of Si tetrahedral sheets in clay minerals and the formation of kaolinite and Al- and/or Fe-(hydr)

oxides which are the dominant clay mineral assemblage of Ferralsols. Increasing organic matter input does not increase intra-aggregate

porosity (micropores). The high organic matter input augments the resources (energy, nutrients, carbon, and sorption) to bioturbation actors

(macrofauna/roots) that drive processes (burrowing, rooting, and production of glue substances) responsible for greater macroporosity and

soil aggregate stability in the studied Profundihumic than in Haplic Ferralsols.
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Ferralsols is the abundance of charcoal and BC content
(�10% of total carbon) in deep parts (30–100 cm of soil
depth) of Profundihumic Ferralsols profiles. The assump-
tion for how these large charcoal fragments ended up at
50–55 cm of soil depth is that they were buried by soil
mesofauna (e.g., termites, ants, and earthworms) who
transport soil materials from belowground to the surface
and vice-versa, resulting in a “conveyor belt” transport
(Darwin, 1881; Johnson et al., 2005; Johnson &
Schaetzl, 2015). In southeastern Brazil, such conveyor
belt transport of soil materials by soil macrofauna yielded
about 0.23 mm yr�1 of soil accumulation in the last
8 thousand years (Boulet et al., 1995). Considering such
accumulation rates (Boulet et al., 1995), the charcoal
fragments would be found at 50 cm of soil depth after
nearly 2170 years of soil macrofauna activity. The radio-
carbon age of these charcoal fragments is 2030 ± 20 years
BP which corroborated the assumption that these char-
coal fragments were once at previous surfaces that were
eventually buried by soil macrofauna. However, the
occurrence of charcoal fragments and high content of BC
content at depth in Profundihumic Ferralsols could be a
result of geomorphic processes and/or different fire
regime compared to the areas of Haplic Ferralsols. Since
all studied Ferralsols here (Profundihumic and Haplic)
are formed on correlated stable geomorphic surfaces, we
are confident that the Ferralsols selected for our study
have been unaffected by modern erosion-deposition
processes.

The wider C/N ratio (18–22) in Profundihumic Ferral-
sols compared to Haplic Ferralsols (11–17) can be taken
as evidence of organisms moving relatively undecom-
posed organic matter (rich in N) from the soil surface to
the subsurface. However, the comparatively wide C/N
ratio in Profundihumic Ferralsols may also be a side
effect of BC enrichment which contains little N. The
lower mean values for C/N may also be attributed to the
abundant microbial necromass in the soil organic matter
found in the subsurface soils compared to plant tissues
(Schellekens et al., 2023).

Our findings allowed us to formulate a comprehen-
sive model that explains the differences in porosity and
bulk density between Ferralsols with contrasting organic
matter accumulation, that is, Profundihumic Ferralsols
versus Haplic Ferralsols (Figure 8). Ferralsols formed
under intense and extended periods of weathering and
leaching, and these processes are determinants for the
geochemical transformations of clay minerals: (1) mono-
siallitization, that is, partial removal of H4SiO4 and for-
mation of 1:1 clay phyllosilicates (kaolinite); and (2)
(ferr)allitization, that is desilication and residual accumu-
lation of pedogenic Fe- and/or Al-(hydr)oxides (Buol &
Eswaran, 1999) (Figure 8). At the initial stage of

microaggregate formation in Ferralsols, the domains of
kaolinite plates are welded by nano-sized Fe- and/or
Al-(hydr)oxides into clusters of 5–10 μm which exhibit
edge-to-face and edge-to-edge arrangement as well as
card-house-type morphology (Bartoli et al., 1992;
Vrdoljak & Sposito, 2002) (Figure 8). This arrangement of
kaolinite plates and Fe- and/or Al-(hydr)oxides is a deter-
mining factor for the formation of highly porous microag-
gregates in Ferralsols (Buol & Eswaran, 1999; Martinez &
Souza, 2020; Oliveira et al., 2005). We found that increas-
ing organic matter input in Profundihumic Ferralsols
does not necessarily increase intra-aggregate porosity
(microporosity). The involvement of organic matter in
the intra-aggregate microporosity is likely predominantly
due to extracellular polymeric substances and exudates
capable of permeating through small voids (20–50 μm).
We posit that the high organic matter inputs likely aug-
ment the resources (e.g., nutrients, food source, and
moisture) to bioturbation actors who ultimately drive
processes (e.g., burrowing, rooting, and production of
glue substances) that increase the macroporosity and soil
aggregate stability of Profundihumic Ferralsols compared
with that of Haplic Ferralsols.

Aligned with the concept of bio-tillage (i.e. the use of
plant roots as a tillage tool to manipulate soil structure
and porosity to obtain conditions beneficial for crop
growth; Zhang & Peng, 2021), we highlight that improve-
ments in the porosity of highly weathered soils exposed
to compaction may be attained by land management
practices that stimulate the natural bioturbation pro-
cesses of roots and soil macrofauna. Although the stimu-
lation of bioturbation activity can indeed be used to
improve key ecological functions (water availability
to plants or producing fertility hot-spots), there are seri-
ous issues when bioturbation actors (e.g., termites and
ants) attack crops and constructions (Jouquet et al., 2018,
2020). Further studies on how bioturbators (termites,
ants, and earthworms) affect soil porosity may take the
organic matter inputs in Profundihumic Ferralsols as
benchmarks, including a high organic matter input
(�1.5 kg C m�2 year�1) bearing a well-balanced C/N
ratio (20–25) and BC content that represents �10% of
total carbon.

5 | CONCLUSIONS

Understanding the effects of high organic matter inputs
on soil bulk density and related porosity is important for
the development of conservation measures in highly
weathered soils, including attempts to recover soils
exposed to compaction. Based on physical, chemical, and
morphological attributes (e.g., bulk density, particle size
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distribution, pore characteristics, and nitrogen and car-
bon content), we determined the direct and indirect
effects of organic matter content on soil porosity across
different soil depths in Profundihumic and Haplic Ferral-
sols. Our analysis ruled out particle-size distribution as a
potential explanation for the low bulk density (high
porosity) of Profundihumic Ferralsols. In addition, a sim-
ple dilution of mineral density by increased organic mat-
ter input is not the reason for the differences in bulk
density between the studied Profundihumic and Haplic
Ferralsols. Our results indicate that increased organic
matter inputs may enhance the resources (energy, nutri-
ents, carbon, and sorption) for bioturbation actors
(plants, earthworms, ants, termites, etc.) that physically
rework soil materials through rooting and burrowing,
thus increasing porosity and decreasing bulk density. We
suggest that soil conservation practices aiming to recover
Ferralsols from compaction may be successful if they
encourage the bioturbation processes of roots and soil
macrofauna. Last, we suggest that the insights obtained
from this investigation of Ferralsols should be tested in
controlled experiments and for other soil orders of global
significance, especially such with deep A-horizons as
found in the Chernozems.
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