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Keywords Abstract

Caatinga This study investigated a soil catena along a colluvial slope of a southeast-facing granitic
Microrefugia inselberg to evaluate the influence of soil property variations on vegetation composition
Phaeozems across altitudinal and distance gradients from the inselberg. Four soil profiles were
Soil carbon stocks described and sampled along a toposequence. Soil analyses included texture, acidity,
Tropical dry forest exchangeable bases, phosphorus, nitrogen, and organic carbon contents. Total porosity,

macroporosity, and microporosity were determined using undisturbed soil samples. Tree
and shrub individuals were identified within vegetation plots around the soil profiles, and
plant diversity and evenness were subsequently assessed. The toposequence comprised an
Umbrisol (SP1), a Phaeozem (SP2), and two Regosols (SP3 e SP4), extending across
different geomorphic positions (summit, shoulder, backslope and toeslope). Principal
Component Analysis (PCA) and Spearman correlation were applied to assess the bivariate
and multivariate relationships between soil, geomorphological, and vegetation variables.
Results indicate that soil weathering intensity, leaching processes, and organic carbon
contents increase with elevation and proximity to the inselberg. The higher organic carbon
contents observed at the summit (C = 9.93% in SP1) and on the shoulder (C = 10.89% in
SP2) of the colluvial slope are attributed to reduced accessibility of organic substrates to
decomposers, coupled with intensified mineral-organic interactions, including sorption
and chelation processes. Species from the Myrtaceae, Rubiaceae, Fabaceae, and
Sapindaceae families were predominantly associated with soils rich in organic carbon,
whereas species belonging to the Cactaceae and Euphorbiaceae families were more
abundant in soils with lower organic carbon contents in the toeslope (SP4). Peripheral
areas in inselbergs host more developed soils that support denser and structurally complex
vegetation, functioning as ecological microrefugia relative to the surrounding Caatinga
landscape. Overall, the findings of this study demonstrate that inselbergs can be
considered essential environments for the conservation and maintenance of Caatinga
biodiversity.
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INTRODUCTION

South America contains over 50% of the dry
forests in the world, including the Caatinga, the
largest and most biodiverse Neotropical dry
forest. The Caatinga occurs exclusively in Brazil
and occupies 845,000 km?2, approximately 10% of
the country total territory (Moro et al., 2024).
The climatic seasonality induces the dominance
of xeromorphic vegetation, registering 3,340
Angiosperms species, of which around 16% are
endemic (Fernandes et al., 2020). Leptosols,
Regosols, and Luvisols cover partially eroded
pediments and plateaus between 350 and 700
meters above sea level (m.a.s.l.) (Salgado et al.,
2015). These soils are dominantly thin, stony,
gravelly, shallow, eutrophic, and have low water
storage capacity (Araujo Filho et al., 2017).

Studies have contributed to understanding
patterns of vegetation in relation to edaphic
conditions (Magnago et al., 2012; Rodrigues et
al., 2018; Souza et al., 2018). Under similar
climatic conditions, soil properties and
topography emerge as the primary drivers of
variability in plant community composition
(Tindano et al., 2023). Spatial heterogeneity in
soil physical and chemical properties, even over
short distances, promotes the development of
distinct vegetation mosaics (Dubuis et al., 2013;
Souza et al., 2025). Furthermore, Medinski et al.
(2010) emphasized the role of soil texture in
regulating water storage capacity and
availability for plants in semiarid
environments. In the Brazilian Savanna,
Rodrigues et al. (2018) demonstrated that soil
fertility varies among soil types and strongly
influences plant species distribution, with more
fertile areas supporting taller trees, whereas
less fertile areas are dominated by grasses and
shrubs. In drier regions, water availability is a
determinant factor of species distribution,
however, associated physical and chemical soil
factors can amplify its effects on species richness
(Enright et al., 2014; Huston, 2014).

Inselbergs rise abruptly from the typical
gently sloping landscapes of the Caatinga. They
consist of high-resistance rocks, predominantly
granite and granitoid, and have maintained
their  topographic integrity while the
surrounding terrain has been reduced by
erosion, leading to the exposure of bedrock
(Porembski et al., 2000; Burke, 2003). Inselbergs
exhibit some of the most significant and
sensitive microhabitats and ecosystems in the
world, largely attributed to the differences in
plant community composition and soil
properties compared to the surrounding areas
(Parmentier et al., 2005; Souza et al., 2025).

In inselbergs of semiarid regions, peripheral
areas are frequently characterized by vegetation
that is taller and denser than that of the
surrounding landscape (Porembski et al., 2000;
Seine et al., 2000; Souza et al., 2025). The
geomorphological arrangement appears to
influence  water  distribution, sediment
accumulation, and organic matter deposition,
resulting in distinct soil properties that support
plant species sensitive to water scarcity (Borges
Neto et al., 2025; Souza et al., 2025). Advancing
our understanding of the mechanisms
facilitating tree layer establishment around
inselbergs in semiarid regions is essential for
elucidating biogeographic connections and
biodiversity patterns in the Caatinga biome.
This study investigates the influence of soil
properties on plant community composition
along elevation gradients in areas peripheral to
an inselberg in the Caatinga, Brazil.

MATERIAL AND METHODS

Study Area

The study area encompasses a southeastern-
facing colluvial slope of an inselberg in the
Cariris Velhos region, municipality of Congo,
Paraiba State, Brazil (Figure 1). The climate is
classified as tropical semiarid (BSh), with mean
annual precipitation ranging from 350 to 500
mm. The mean annual temperature is 26°C, and
potential evapotranspiration can reach values
up to four times higher than annual
precipitation (Alvares et al., 2013).

Neoproterozoic granite and granitoid outcrop
as inselbergs because of pedimentation
processes, followed by Cenozoic uplift and
subsequent differential erosion (Xavier ef al.,
2022). An inselberg was chosen for the study due
to its minimal human disturbance. The slope
exhibits a convex-concave-convex profile, with a
maximum elevation of 640 m.a.s.l., a slope
gradient of less than 59%, a total area of 22.044
km?, and a length of 17.673 km.

The vegetation cover of the study area
exhibits high biodiversity and is composed of
species well adapted to semiarid climatic
conditions. The dominant plant families include
Fabaceae and FEuphorbiaceae, along with
representatives of the Cactaceae family and
rupicolous bromeliads, such as Dyckia
spectabilis (Mart. ex Schult. & Schult.f.) Baker
and Hohenbergia catingae Ule (Cordeiro et al.,
2025; Souza et al., 2025). Luvisols (40.9 % of the
total area), Leptosols (35.6 %), and Regosols (3.9
%) are the dominant soil classes in the Cariri

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513



SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

region (Santos et al., 2011). These soils are
predominantly loamy, shallow (generally <1 m
in depth), eutrophic, and characterized by low

organic carbon contents (Ferreira et al., 2018;
Borges Neto et al., 2025).

Figure 1 — Sampled areas along toposequence of a colluvial slope adjacent to an inselberg in the
municipality of Congo, Paraiba State, Brazil
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Soil Sampling and Analysis

Four soil profiles were opened, described, and
classified according to the Brazilian Soil
Classification System (Santos et al., 2025) and
World Reference Base for Soil Resources (IUSS
Working Group WRB, 2022). According to the

classification of Zinck (2023), we sampled the
different geomorphic surfaces of the slope
formed by the colluvial material of the granitic
inselberg: summit (SP1), shoulder (SP2),
backslope (SP3), and toeslope (SP4) (Figure 2).
Standard soil augers were used to sample soil at
10 m intervals.
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Figure 2 — Schematic topographic profile of the toposequence and distribution of geomorphic
surfaces, soil profiles (yellow points) and tree cover gradient
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Source: The authors (2026).

Soil samples were collected to represent each
horizon. Samples were air-dried and sieved
through a 2.0 mm sieve before texture and
chemical analysis according to methods
established for tropical soils (Donagema et al.,
2011). Sand, silt, and clay were determined by
the pipette method after dispersion with 0.1 M
NaOH. Soil pH was measured with a glass
electrode in a 1:2.5 suspension v/v soil and
deionized water (H20 pH). The potential acidity
(H + Al) was extracted by 1 M ammonium
acetate solution at pH 7. An atomic absorption
spectrometry determined the content of Ca?*,
Mg?+ and Al3* after extraction with a 1 M KCl
solution. After Melhich-1, the contents of K* and
Na* were determined by flame photometry.
From these results, the sum of bases (SB), base
saturation (V), and total cation exchange
capacity (CEC) were calculated.

A Mehlich-1 extraction solution determined
the available phosphorus content (P). The P
adsorption (Pad) was calculated as a percentage
after 1 hour of stirring with 2.5 g of soil in 0.01
M CaClz containing 60 mg P L-1. The suspension
was filtered, and the remaining P in solution
was determined by photocolorimetry (Alvarez et
al., 2017).

Soil organic carbon (SOC) was determined by
wet combustion (Yeomans; Bremner, 1988).
Total nitrogen (N) was determined by the

Kjeldahl method and titration (Teixeira et al.,
2017). The carbon-to-nitrogen ratio (C/N) was
calculated on a mass basis.

Bulk density, particle density, and
macroporosity (-10 kPa  tension) were
determined in undisturbed soil samples

collected by volumetric rings in the surface
horizons of each soil profile (Teixeira et al.,
2017). Total porosity and microporosity were
calculated from these results. The formulae
calculated the total organic carbon and nitrogen
stocks: Stock (Mg ha-1) = bulk density (kg dm-3)
x soil organic carbon (or total nitrogen) content
(%) x depth (cm).

Vegetation Cover

To integrate vegetation and soil data, we
established four sampling plots corresponding to
the locations of soil profiles (SP1, SP2, SP3, and
SP4). Each sampling unit consisted of a single
plot measuring 50 X 50 m (2,500 m?). Plant
species were recorded from January 2022 to
May 2024, covering both dry and wet seasons.
The comprehensive species list was derived from
vegetation plots and included trees, shrubs,
lianas, and members of the Cactaceae and
Bromeliaceae families. Herbs, epiphytes, and
dead plants were omitted from the inventory.
The APG IV classification system was adopted
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to define plant families (Angiosperm Phylogeny
Group, 2016).

Statistical Procedures

For the vegetation data, we calculated the
Shannon diversity index (H’) and the Pielou
evenness index (J'). We also used Principal
Component Analysis (PCA) to evaluate the
multivariate relationships among soil
properties, topographic characteristics, and
vegetation characteristics. The variables were
standardized to minimize the effect of different
units and scales of measurement in the data
(Hinton, 2014).

The associations between the data were
assessed using Spearman’s correlation. We
chose this nonparametric test because the data
did not meet the assumption of normality (Zar,
2014). Correlations were considered statistically
significant at p < 0.05. All statistical analyses

were performed using the R software (R Core
Team, 2020).

RESULTS

Soils on Toposequence

Four soil profiles developed from granite-
derived colluvium were identified along the
slope, comprising three WRB reference soil
groups: Endoleptic Chernic Umbrisol (Neossolo
Regolitico Distréfico 1éptico, SP1), Endoleptic
Pantochernic Phaeozem (Neossolo Litélico
Histico 1éptico, SP2), and Hypereutric Regosols
(Neossolo Litélico Eutroéfico 1éptico, SP3;
Neossolo Regolitico Eutréfico saprolitico 1éptico
arénico, SP4) (Chart1).
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Chart 1 — General description of soil and vegetation of the sampled areas

Soil WRB SiBCS Altitude Description Dominant species
profile (m.a.s.l.)

SP1 Endoleptic NEOSSOLO 548 Soil developed on the Savia sessiliflora,
Chernic REGOLITICO summit of a colluvial Bauhinia  cheilantha,
Umbrisol Eutréfico 1éptico slope. Soil is well-drained Peltogyne pauciflora,
(Pantoloamic, without apparent erosion Rhamnidium molle,
Eutric, and derived from Cordiera rigida,
Hyperhumic, colluvium. Subangular FEugenia sp.,
Pachic) granite as gravel 1is Anadenanthera

abundant in the soil colubrina, Talisia
profile. Litter covers the esculenta, Cordia
soil surface, and trichotoma,
bioturbation is intense. Luetzelburgia

Chernic  horizon (O auriculata

histico horizon, according

to SiBCS) covers an

umbric horizon.

SP2 Endoleptic NEOSSOLO 542 Soil developed on the Luetzelburgia
Pantochernic LITOLICO shoulder of a colluvial auriculata, Combretum
Phaeozem Histico slope. Soil is well-drained Ileprosum, Guapira
(Pantoloamic, fragmentério without apparent erosion darwinii, Solanum
Hyperhumic, and derived from rhytidoandrum, Syagrus
Pachic) colluvium. Subangular cearensis, Cynophalla

granite as gravel is flexuosa, Croton
abundant in the soil blanchetianus, Eugenia
profile. Litter covers the sp., Guapira sp., Annona
soil surface, and leptopetala
bioturbation is intense.

Chernic  horizon (O

histico horizon, according

to SiBCS) is the surface

horizon.

SP3 Hypereutric NEOSSOLO 519 Soil developed on the Bauhinia  cheilantha,
Epileptic LITOLICO backslope of a colluvial Croton grewioides,
Regosol Eutréfico slope. Soil is well-drained Croton  blanchetianus,
(Pantoloamic, fragmentario with slight sheet erosion Anadenanthera
Ochric) and derived from colubrina, Peltogyne

colluvium. Litter 1is parvifolia,

absent. Ochric horizon (A Luetzelburgia

moderado horizon, auriculata, Manihot

according to SiBCS) is carthagenensis,

the surface horizon. Cordiera rigida, Lippia
grata, Varronia
leucocephala

SP4 Hypereutric NEOSSOLO 503 Soil developed in the Tacinga inamoena,
Endoleptic REGOLITICO toeslope of a colluvial Jatropha  mollissima,
Regosol Eutrofico slope transitioning to a Croton  blanchetianus,
(Pantoarenic, saprolitico dissected pediment. Soil Cenostigma
Ochric) léptico arénico is  well-drained with nordestinum,

slight sheet erosion and Herissantia tiubae,
derived from colluvium Jatropha ribifolia,
and granite. Litter is Cnidoscolus urens,
absent. Ochric horizon (A Waltheria indica,
moderado horizon, Jatropha curcas,
according to SiBCS) is Mimosa
the surface horizon. ophthalmocentra
Source: The authors (2026).
6
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Soil depth ranged from 40 to 90 cm, with A—
C horizon sequences predominating (Chart S1,
Supplementary Materials). Umbric and chernic
diagnostic horizons occurred in the summit and
shoulder slope positions, whereas Regosols from
the backslope and toeslope presented only ochric
surface horizons. Soil structure, root abundance,
and pore volume decreased downslope.

Soil texture ranged from loamy sand to clay
loam, with clay content decreasing toward lower
elevations (Tables 1; S1, Supplementary
Materials). Exchangeable bases followed the
order Ca2* > Mg?+ > K* > Na*, while extractable
P, cation exchange capacity, soil organic carbon,
total nitrogen, and P adsorption generally

decreased downslope (Table 1). Bulk density
increased toward the backslope and toeslope,
whereas total porosity, macroporosity, and C
and N stocks declined with decreasing elevation,
while particle density remained similar among
profiles (Table S2, Supplementary Materials).
SP1 and SP2 showed deep, organic matter-
rich A horizons with high base status and the
highest concentrations of soil organic carbon,
nitrogen, exchangeable bases, and extractable
phosphorus. In contrast, SP3 and SP4 were
shallower, sandier Regosols with weaker
structure, lower nutrient availability, and
reduced carbon stocks (Chart 1 and Table 1).
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Table 1 — Main physical and chemical properties of the sampled soils
Hori De C F Si Cl p ., N Ca M Al H+ CE C/ P
zon pth S S It ay H F K a4 o g w42 SB o V. C N g 4
m
——————————————— % -----—-- Hz g B I rECEEREEREEREREREE ¢ 1o 10) P €=t IERE RN o N
cm 0 Kg oo % --neme- %
1
SP1 - Endoleptic Chernic Umbrisol (Pantoloamic, Eutric, Hyperhumic, Pachic) / NEOSSOLO REGOLITICO Distréfico
1éptico
35 12 19 33. 5 42 0. 0. 20. 1.8 10. 22. 33. 6 99 0.
Ah 0-35 4 3 3 0 06 .2 68 06 41 4 <1 7 9 69 8 3 69 1449
2Ahb  35- 42 15 15 26. 4. 13 0. 0. 38 0.9 <1 11. 54 16. 3 59 0. 16 76
1 50 0 9 8 4 80 9 49 08 7 9 3 3 73 3 2 36
2Ahb  50- 4 14 17 23. 4. 5. 0. 0. 1.4 05 1. 12. 24 14. 1 38 0. 15 86
2 90 3 .0 9 8 72 8 33 06 8 5 43 3 2 72 6 2 24
R 90+
SP2 - Endoleptic Pantochernic Phaeozem (Pantoloamic, Hyperhumic, Pachic) / NEOSSOLO LITOLICO Histico 1éptico
30 12 20 35 5. 19 0. 0. 21. 4.7 27. 34. 8 10. O.
Ahy 0-5 .8 .6 9 7 41 7 9% 06 77 2 <l 69 51 41 0 89 67 1629
37 13 17 31. 6. 6. 1. 0. 16. 4.7 22. 26. 8 53 0.
Ahe 5-30 .5 9 2 3 00 3 16 10 88 4 <l 39 88 78 5 5 40 1337
30- 37 15 16 30. 5. 5. 1. 0. 15. 3.9 20. 24. 8 49 0.
Ahs 50 .6 3 5 7 83 4 11 10 09 6 <1 42 26 46 3 6 33 1540
R 50+
SP3 - Hypereutric Epileptic Regosol (Pantoloamic, Ochric) / NEOSSOLO LITOLICO Eutréfico léptico
46 23 15 14. 6. 9. 0. 0. 49 09 65 70 9 08 O
A 0-20 .5 4 3 8 99 8 65 02 6 4 <1 05 7 7 3 4 06 1317
20- 51 16 14 17. 6. 6. 0. 0. 3.8 52 58 9 04 O
Ce 40 .3 .6 4 8 19 8 40 06 6 09 <1 06 2 2 0 6 04 1031
R 40+
SP4 — Hypereutric Endoleptic Regosol (Pantoarenic, Ochric) / NEOSSOLO REGOLITICO Eutréfico 1éptico
57 21 13 5. 14 0. 0. 3.4 0.3 40 54 7 13 0.
A 0-4 2 5 1 8.2 32 .0 20 00 8 9 <l 14 7 7 4 3 06 20 8
60 19 13 6. 2. 0. 0. 3.5 0.3 40 48 8 03 O.
C 4-25 4 .0 5 71 03 O 16 00 7 5 <1 08 8 8 4 8 02 1712
25- 60 20 12 5. 1. 0. 0. 2.7 02 3.1 3.7 8 1.0 O. 10
2Ahb 60 .3 4 N 6.5 98 3 15 01 5 5 <1 06 6 6 4 17 o1 7 10
R 60+

Source: The authors (2026).

Vegetation Diversity

A total of 1,889 individuals, representing 88
species and 32 families, were recorded at the
sampling sites (Table 2). The Shannon-Wiener
diversity index (H') was 3.72, and Pielou’s

evenness index (J) was 0.82. Among the
recorded species, 37 were trees, 43 shrubs and
subshrubs, two lianas, six Cactaceae, and two
Bromeliaceae (Table S3, Supplementary
Materials).

Table 2 — Number of families, species, individuals, Shannon diversity index (H'), and Pielou
evenness index (J') by sampled areas

SP1 SP2 SP3 SP4 Total
Families 27 25 25 14 32
Species 47 39 47 31 88
Individuals 418 450 441 580 1,889
Shannon-Wiener (H')  3.34 2.91 3.00 2.35 3.72
Pielou (J) 0.86 0.79 0.78 0.68 0.82

Source: The authors (2026).
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The tree layer was dominant in SP1 and SP2
(24 species and 455 individuals), with notable
dominance of  Luetzelburgia  auriculata
(Allemao) Ducke (117 individuals), Savia
sessiliflora  (Sw.) Willd. (48 individuals),
Guapira darwinii (Hemsl.)) E.C.0. Chagas &
Costa-Lima (46  individuals), Peltogyne
pauciflora Benth. (31 individuals), and Talisia
esculenta (Cambess.) Radlk. (27 individuals). In
SP3 and SP4, the tree layer comprised 26
species and 336 individuals, although it was
strongly dominated by only two species,
Jatropha  mollissima  (Pohl) Baill. (93
individuals) and Cenostigma nordestinum
Gagnon & G.P. Lewis (59 individuals), which
together accounted for 45.2% of all trees
recorded in these sites.

The shrub layer was  consistently
represented across all sampling units, with
species such as Bauhinia cheilantha (Bong.)
Steud. (133 individuals) and  Croton
blanchetianus Baill. (141 individuals) widely
distributed along the colluvial slope. In SP1 and
SP2, the most representative shrub species were
Combretum leprosum Mart. (49 individuals),
Eugenia sp. (39 individuals), and B. cheilantha
(37 individuals), whereas in SP3 and SP4, C.
blanchetianus (114 individuals), B. cheilantha
(96 individuals), and Croton grewioides Baill.
(65 1ndividuals) predominated. Cactaceae were
represented by six species and 238 individuals
and occurred in all sampling units, although
with greater abundance in areas closer to the
toeslope (181 individuals).

Sampling unit SP1, located near the toeslope,
exhibited the highest vegetation diversity, with
27 families, 47 species, H = 3.34, and J’' = 0.86
(Table 2). As elevation along the slope decreased
and distance from the summit toward the
toeslope increased, there was a progressive
decline in the number of families, species
richness, diversity, and evenness, accompanied
by an increase in the total number of
individuals. Sampling unit SP3, however,
functioned as a transitional zone, incorporating
species typical of SP1 and SP2 (wetter
environments) as well as SP4 (drier
environment), which resulted in comparatively
high species richness (47 species) and diversity
(H' = 3.00).

Statistical Analyses

PCA explained 74.74% of the total variance in
the data. PC1 explained 55.16% of this variance,
and PC2 explained an additional 19.58% (Figure
3). PC1 distinguished the soils in the highest
positions of the toposequence (SP1 and SP2)
from those at the bottom of the slope (SP3 and
SP4). SP3 (orange circles) and SP4 (gray circles)
were located on the positive side of PC1 and
were strongly associated with distance from the
inselberg (Ins_Dist) as well as the contents of
coarse sand (CS) and fine sand (FS). SP1 (green
circles) and SP2 (yellow circles), located on the
negative side of PC1, were more closely aligned
with elevation, clay and silt content, C, N, CEC,
and Pad (Figure 3).
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Figure 3 — Principal component analysis (PCA) biplot illustrating the ordination of soil horizons and
environmental variables (edaphic, geomorphic, and vegetational). The circles represent individual
soil horizons and are color-coded according to the soil profiles: SP1 (green), SP2 (yellow), SP3
(orange), and SP4 (gray). The size of each circle indicates its relative contribution to the first two
principal components (PC1 + PC2). The gray arrows represent vectors of environmental and
vegetation variables
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The second principal component (PC2)
distinguished soil chemical fertility and
vegetation characteristics (Figure 3). PC2

separated the organic carbon-rich horizons of
the Umbrisol (SP1) from the Phaeozem (SP2)
horizons, the former of which were more diverse.
With the exception of the surface horizon
(SP1H1), SP1 was positioned in the lower left
quadrant. This group was  primarily
characterized by soil thickness, H+Al, and Al3*.
Additionally, variables related to vegetation and
its richness aligned in this quadrant (Figure 3).
Conversely, SP2 was located in the upper left
quadrant of the graph and showed a stronger
association with base-rich chemical properties,
including pH in H20, V, and the presence of
exchangeable Ca2*, Mg2*, and K*.

To better understand these covariations, we
analyzed a correlation matrix using Spearman’s
test (Figure S1, Supplementary Materials).
Vegetation diversity appears to be highly
sensitive to geomorphic position and edaphic
characteristics. There were significant negative
correlations between species richness and

Shannon diversity (H) and distance from the
inselberg (p = -0.72 and p = -0.86, respectively,
both with p < 0.05), indicating a decline in
vegetation diversity toward lower-lying areas
(Figure S1).

Soil texture appears to act as an important
primary filter for the plant community. Family
richness was positively correlated with clay
content (p = 0.59, p < 0.05) and negatively
correlated with the contents of coarse sand and
fine sand (p =-0.59 and -0.52, respectively, both
with p < 0.05). Regarding chemical properties,
plant diversity was strongly related to the
dynamics of carbon and phosphorus sorption in
the soil. Family richness showed high positive
correlations with C (p = 0.60), N (p = 0.68), CEC
(p = 0.59), and Pad (p = 0.82), all of which were
statistically significant at p < 0.05 (Figure S1).

Additionally, the correlation matrix revealed
strong relationships between C and soil
properties related to their respective retention
and stabilization processes in the soil (Figure
S1). There were strong positive correlations
between C and N (p = 0.92), CEC (p = 0.87), and
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clay and silt contents (p = 0.96 and 0.78,
respectively). There were also negative
correlations with coarse sand (p =-0.90) and fine
sand (p =-0.78) contents. These patterns suggest
that C stronger association with more reactive
soil fractions likely favors its stabilization in
organomineral complexes and contributes to
cation exchange capacity.

DISCUSSION

Inselbergs Promote the Development of
Fertile, Carbon-Rich Soils in the Brazilian
Semiarid

SOC stabilization in semiarid environments is a
complex process governed by the interaction
among climatic constraints, topographic
controls, vegetation inputs, and mineralogical
composition (Borges Neto et al., 2025; Souza et
al., 2025). In this study, soils on the summit
(284.99 Mg hal in SP1-Ah) and shoulder (132.41
Mg ha! in SP2-Ahzg) of the colluvial slope have C
stock up to seven times higher than the mean of
Caatinga (39.2 Mg ha-l, according to Fidalgo et
al. (2007). According to Figure 3 and Figure S1,
the spatial variation in C stocks is reinforced by
the positive correlation with altitude (p = 0.74)
and the negative correlation with distance from
the inselberg (p = -0.74).

Recent studies have already reported this
localized enrichment in the context of the
crystalline inselbergs of the Caatinga. An area
located approximately 60 km northeast of our
study area; soils formed in granitic inselberg
fields (44.10 Mg ha'l) had average organic
carbon stocks that were three times higher than
those of typical Caatinga soils (13.69 Mg ha-l)
(Borges Neto et al., 2025).

This geomorphic-pedological mechanism of
lateral redistribution and accumulation on
slopes and in topographically depressed areas
seems similar to patterns observed in other
climates and landforms. For example, under a
humid subtropical climate, vegetated gnammas
with soil depths of up to 98.5 cm accumulate
average organic C concentrations of 7.9% in a
large granitic dome in Enchanted Rock (Texas,
USA). This contrasts sharply with shallow (1-5
cm) and uncovered gnammas, which contain
only 2.6% organic C (Pérez, 2023).

Stabilizing soil organic matter (SOM) could
be associated with two primary mechanisms: a)
reduced access of decomposers, and; b)
interactions between mineral and organic
compounds. Low soil moisture resulting from
high evapotranspiration rates constrains

oxidative degradation of organic substrates,
thereby slowing decomposition processes (Kang;
Choi, 2009). In addition, the presence of strong
soil structure and dendritic tubular pores in
horizons with elevated organic carbon contents
suggests effective physical protection of organic
matter through occlusion within soil aggregates
(peds). Soil organic matter promotes localized
microbial activity (Tang et al., 2011), and these
microorganisms secrete extracellular
polysaccharides that adhere to soil particles,
enhancing aggregation and forming physical
barriers around residual organic materials
(Tang et al., 2011; Blaud et al., 2014). Although
microbial activity was not measured in this
study, the role of microbial activity in aggregate
formation is well documented in the literature.
Here, it is suggested as one possible mechanism
contributing to the persistence of SOM.
Furthermore, high clay contents combined with
abundant polyvalent cations further favor
aggregate formation through the flocculation of
charged particles (Erktan et al., 2017). This
mechanism is most evident in the SP2 surface
horizon (Ah1, 0-5 cm), the only horizon in which
the clay content (35.7%) exceeds that of coarse
sand (30.8%), coinciding with the highest
recorded values of exchangeable Ca2* (21.77
cmole  kgl) and carbon (10.89%) in
topossequence (Table 1).

The importance of cations, particularly Ca, in
soil organic matter stabilization i1s well
established. The Ca2* negatively correlates with
soil organic matter leaching losses, photo-
oxidation and microbial respiration (Minick et
al., 2017; Rowley et al., 2018). Besides the
positive influence in ped formation, models
predict that the Ca2* forms cation bridges with
carboxylate, phenolic, and other -OH functional
groups, potentially increasing soil organic
carbon stability (Czarnes et al., 2000). Both
inner- and outer-sphere interactions between
the surface of a mineral or metal ion and organic
substances act over medium-to-long-time
periods (Rowley et al., 2018). Although the Ca
content in felsic rocks is lower than limestone,
the incipient weathering of granitoid and
granite under semiarid climate favors the
concentration of enough Ca to stabilize organic
carbon compounds. The virtual absence of Al in
most horizons indicates that toxicity by Al is not
a current mechanism of stabilization of soil
organic carbon in the study area.

This study describes the occurrence of
Phaeozems in Brazilian semiarid non-
associated with limestone in sedimentary areas,
where high Ca contents stabilize the
accumulated soil organic matter in past climates
(Wang et al., 2004). Phaeozems are highly fertile

11

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513



SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

soils, rich in organic matter and calcium (IUSS
Working Group WRB, 2022). The report of the
Chernic horizon in soils derived from igneous
rocks in Northeastern Brazil is unprecedented.
Four mechanisms explain the occurrence of this
horizon: i) higher input of organic residues; ii)
stabilization of organic compounds; iii) low
intensity of erosive processes, and; iv) release of
Ca from weathering of primary minerals.
Although granitoids are less calcium-rich
compared to limestones, the incipient
weathering of feldspars under a semiarid
climate still provides sufficient Ca to stabilize
organic carbon compounds (Silva et al., 2018).
The granitic composition thus plays an indirect
yet pivotal role in the stabilization of organic
matter, fostering more fertile soils that support
diverse vegetation communities (Gomes et al.,
2026).

Topographic convergence of  runoff,
sediments, and organic residues from the
inselberg likely promotes the accumulation and
incorporation of organic matter into soils on the
summit and shoulder of colluvial slopes (Patton
et al., 2019). The stronger soil structure and
abundant dendritic tubular pores observed in
SP1 and SP2 further support the physical
protection of organic matter within stable
aggregates, contributing to long-term carbon
storage.

Inselbergs and Edaphic Conditions: Tree

Layer Refugia Within a Xerophytic
Environment
In this study, inselbergs promote the

development of more evolved soils with higher
soil organic carbon, nitrogen, and porosity than
surrounding Caatinga soils (Figure 3),
corroborating previous studies in the Brazilian
semiarid (Borges Neto et al., 2025; Souza et al.,
2025). For comparison, Borges Neto et al. (2025)
reported that organic carbon (up to 20% C)
accumulates on regional scale within
discontinuous “soil pockets” in fractures and
gnammas of inseberg bedrock. However, our
study shows that these microrefuges can extend
to contact areas between the bedrock and the
colluvial areas surrounding it.

These conditions support more diverse plant
communities dominated by tree species,
particularly Myrtaceae, Rubiaceae, Fabaceae,
and Sapindaceae, whereas toeslope soils (SP4),
with lower SOC, are dominated by shrubs and
xerophytic taxa such as Cactaceae and
Euphorbiaceae (Tables 2; S3, Supplementary
Materials). The higher soil fertility on the
summit and shoulder of the colluvial slope likely
reduced nutrient limitation and physiological

stress, favoring more complex plant
communities (Van der Putten et al., 2013).
Higher SOC also promotes nutrient cycling and
the availability of N and P, two key resources for
plant growth in semiarid ecosystems
(Reichmann et al., 2013; de-Bashan et al., 2022).

The higher total porosity and macroporosity
observed in SP1 and SP2 probably increased soil
water availability, favoring tree dominance over
xerophytic vegetation (Paloschi et al., 2021;
Wright et al., 2024). Water availability acts as a
strong environmental filter in dryland
ecosystems, limiting the occurrence of drought-
sensitive species (Araujo, 2005; Seiler et al.,
2015; Moro et al., 2016). Therefore, the similar
floristic composition observed between SP1 and
SP2 is likely attributable to greater water
availability and higher SOC contents at the
summit of the colluvial slope. Some drought-
sensitive species are also found in SP3, forming
a closely related floristic group among the
sampling units. In contrast, SP4 is composed
exclusively of xerophyte species adapted to
semiarid conditions. Within the Caatinga
biome, drier environments typically support
impoverished plant assemblages and are more
susceptible to chronic anthropogenic
disturbances, which reduce both species
diversity and vegetation structural complexity
(Ribeiro et al., 2015; Ribeiro et al., 2016).

These patterns are not unique to the
Caatinga biome. Relatively similar dynamics
can be observed in other rocky outcrops around
the world. In the arid Nama Karoo region of
Namibia, for example, soil properties on
inselbergs have been shown to be closely related
to the underlying geology and relief position.
The weathered bedrock there provides most of
the parent material for soil development (Burke,
2002). In the Southwest Australian Floristic
Region, granitic outcrops act as biodiversity
refuges shaped by soil depth and local
topography (Clark-Ioannou et al., 2021). At
Enchanted Rock in Texas, USA, gnammas and
adjacent soils on a granitic dome demonstrate
similar interactions between microtopography,
soil development, and vegetation cover (Pérez,
2023).

Our results reinforce the role of inselbergs as
ecological microrefugia within the Caatinga.
Their fertile soils and greater water availability
provide suitable habitats for drought-sensitive
species that are uncommon in surrounding
semiarid landscapes (Souza et al., 2025; Borges
Neto et al., 2025; Cordeiro et al., 2025). These
communities may represent relict vegetation
established under  wetter paleoclimatic
conditions and subsequently confined to
inselbergs after semiarid expansion (Werneck et
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al., 2011; Sobral-Souza et al., 2015; Souza et al.,
2022). Recent phylogeographic studies further
support the hypothesis that these refugia
contributed to historical connections between
the Amazon and Atlantic forests (Bocalini et al.,
2023; Machado et al., 2024; Pinto-junior et al.,
2024).

FINAL CONSIDERATIONS

The increasing contents of SOC, N, clay,
exchangeable base cations, with elevation and
proximity to the inselbergs indicate these
peripheral positions favor the development of
more fertile soils, with a greater capacity to
sustain a tree layer relative to the surrounding
Caatinga. The accumulation of organic residues
in positions closer to inselbergs and bioturbation
enhances the incorporation of the organic
compounds in soil. Mineral-organic interactions
and the formation of metal-organic complexes
further limit soil organic matter mineralization,
contributing to higher nutrient retention.
Increased water availability at higher
elevations reduces drought stress and
consequently facilitates the establishment of
drought-sensitive species, allowing inselbergs to
function as ecological microrefugia relative to
the surrounding Caatinga landscape. Overall,
the findings of this study demonstrate that
inselbergs constitute key environments for the
conservation and maintenance of Caatinga
biodiversity.

FUNDING SOURCE

This work was supported by the Conselho
Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq), and Coordenagio de
Aperfeicoamento de Pessoal de Nivel Superior
(CAPES) — Finance Code 001. Bartolomeu Israel
de Souza received financial support by the
FAPESQ/PELD (call number 09/2021) and
CNPq (call number 63/2022; grant number
404208/2024-0), as well as CNPq Research
Productivity = Fellowship  (grant number
305463/2025-0). José Jodo Lelis Leal de Souza
also received financial support by the CNPq for
Research Fellowship (grant number
305736/2022-1).

SUPPLEMENTARY MATERIALS

Supplementary Materials available:
https://doi.org/10.6084/m9.figshare.33427273

REFERENCES

ALVARES, C. A.; STAPE, J. L.; SENTELHAS,
P. C.; GONCALVES, J. D. M.; SPAROVEK, G.
Koppen’s climate classification map for Brazil.
Meteorologische Zeitschrift, v. 22, p. 711
728, 2013. https://doi.org/10.1127/0941-
2948/2013/0507

ALVAREZ, V. H.; NOVAIS, R. F,;
CANTARUTTI, R. B.; TEIXEIRA, P. C;
CAMPOS, D. V. B. de. Fésforo remanescente.
In: TEIXEIRA, P. C.; DONAGEMMA, G. K;
FONTANA, A.; TEIXEIRA, W. G. (Ed.)
Manual de Métodos de Analise de Solo. 3*
edicdo revisada e ampliada. Brasilia-DF:
Embrapa, p. 337-342, 2017.

ANGIOSPERM PHYLOGENY GROUP (APG).
An update of the angiosperm phylogeny group
classification for the orders and families of
flowering plants. Botanical Journal of the
Linnean Society, v. 181, p. 1-20, 2016.
https://doi.org/10.1111/b0j.12385

ARAUJO, E. L. Estresses abiéticos e biéticos
como forcas modeladoras da dinamica de
populacdes vegetais da Caatinga. In:
NOGUEIRA, R. J. M, ARAUJO, E. L;
WILLADINO, L. G.; CAVALCANTE, U. M. T.
(Ed.). Estresses ambientais: danos e
beneficios em plantas. Recife: MXM, p. 50—64,
2005.

ARAUJO FILHO, J. C.; RIBEIRO, M. R
BURGOS, N.; MARQUES, F. A. Solos da
Caatinga. In: CURI, N.; KER, J. C.; NOVAIS,
R. F.; VIDAL-TORRADO, P.; SCHAEFER, C.
E. G. R. (Ed.). Pedologia: solos dos biomas
brasileiros. Vigosa: Sociedade Brasileira de
Ciéncia do Solo, p. 227-260, 2017.

BLAUD, A.; CHEVALLIER, T.; VIRTO, I,
PABLO, A. L.; CHENU, C.; BRAUMAN, A.
Bacterial community structure in soil
microaggregates and on particulate organic
matter fractions located outside or inside soil
macroaggregates. Pedobiologia, v. 57, p.
191-194, 2014.
https://doi.org/10.1016/.pedobi.2014.03.005

BOCALINI, F.; BOLIVAR-LEGUIZAMON, S.
D.; SILVEIRA, L. F.,; BRAVO, G. A.
Amazonian colonization from the Atlantic
Forest: new perspectives on the connections of
South American tropical forests. Molecular
Ecology, v. 32, p. 6874-6895, 2023.

13

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513


https://doi.org/10.6084/m9.figshare.33427273
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1111/boj.12385
https://doi.org/10.1016/j.pedobi.2014.03.005

SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

https://doi.org/10.1111/mec.17180

BORGES NETO, I. O.; SANTOS, L. J. C,;
SOUZA, J. J. L. L.; XAVIER, R. A.; SOUZA, B.
I; LIMA, V.R. P,; GOMES, A. S.; SEABRA, V.
S.; CARDOSO, P. V. Soils formed in inselbergs
host drought-sensitive species in the Brazilian
semiarid. Pedosphere, 2025.
https://doi.org/10.1016/j.pedsph.2025.09.028

BURKE, A. Inselbergs in a changing world:
global trends. Diversity and Distributions,
V. 9, p. 375-383, 2003.
https://doi.org/10.1046/;.1472-
4642.2003.00035.x

BURKE, A. Properties of soil pockets on arid
Nama Karoo inselbergs—the effect of geology
and derived landforms. Journal of Arid
Environments, v. 50, n.2, p. 219-234, 2002.
https://doi.org/10.1006/jare.2001.0907

CLARK-IOANNOU, S. M., WARDELL-
JOHNSON, G.W.; MILLETT, J. Multi-scale
biogeographic controls over plant communities
on granite outcrops in the Southwest
Australian Floristic Region. Austral Ecology,
V. 46, p. 627—639, 2021.
https://doi.org/10.1111/aec.13018

CORDEIRO, J. M. P.; SOUZA, B. 1.; SOUZA, A.
F.; COSTA, A. I. S.; XAVIER, R. A.; RAMOS,
U. S.; SOUZA, J. J. L. L. Are these islands
isolated? Floristic diversity in inselberg
habitats of the Caatinga, Northeastern Brazil.
Biodiversity and Conservation, v. 34, p. 1—
21, 2025. https://doi.org/10.1007/s10531-025-
03065-2

CZARNES, S.; HALLETT, P. D.; BENGOUGH,
A. G.; YOUNG, I. M. Root- and microbial-
derived mucilages affect soil structure and
water transport. European Journal of Soil
Science, v. 51, p. 435-443, 2000.
https://doi.org/10.1046/;.1365-
2389.2000.00327.x

DE-BASHAN, L. E.; MAGALLON-SERVIN, P.;
LOPEZ, B. R.; NANNIPIERI, P. Biological
activities affect the dynamics of P in dryland
soils. Biology and Fertility of Soils, v. 58, p.
105119, 2022. https://doi.org/10.1007/s00374-
021-01609-6

DONAGEMA, G. K.; CAMPOS, D. V. B;
CALDERANO, S. B.; TEIXEIRA, W. G
VIANA, J. H. M. Manual de métodos de
analise de solos. 2. ed. Rio de Janeiro:
Embrapa Solos, 2011.

DUBUIS, A GIOVANETTINA, S.;
PELLISSIER, L.; POTTIER, J.; VITTOZ, P
GUISAN, A. Improving the prediction of plant
species distribution and community
composition by adding edaphic to topo-climatic
variables. Journal of Vegetation Science,
V. 24, p. 593-606, 2013.
https://doi.org/10.1111/jvs.12002

FERNANDES, M. F;

FIDALGO, E.

ENRIGHT, N. J.; FONTAINE, J. B.; LAMONT,

B. B.; MILLER, B. P.; WESTCOTT, V. C.
Resistance and resilience to changing climate
and fire regime depend on plant functional
traits. Journal of Ecology, v. 102, p. 1572—
1581, 2014. https://doi.org/10.1111/1365-
2745.12306

ERKTAN, A.; BALMOT, J.; MERINO-MARTIN,

L.; MONNIER, Y.; PAILLER, F.; COQ, S,
ABIVEN, S.; STOKES, A.; LE BISSONNAIS,
Y. Immediate and long-term effect of tannins
on the stabilization of soil aggregates. Soil
Biology and Biochemistry, v. 105, p. 197—
205, 2017.
https://doi.org/10.1016/j.s011b10.2016.11.017

CARDOSO, D,
QUEIROZ, L. P. An updated plant checklist of
the Brazilian Caatinga seasonally dry forests
and woodlands reveals high species richness
and endemism. Journal of Arid
Environments, v. 174, p. 104079, 2020.
https://doi.org/10.1016/j.jaridenv.2019.104079

FERREIRA, C. R. P. C.; ANTONINO, A. C. D,

SAMPAIO, E. V. S. B.; CORREIA, K. G,;
LIMA, J.R. S.; SOARES, W. A.; MENEZES, R.
S. C. Soil CO, efflux measurements by alkali
absorption and infrared gas analyzer in the

Brazilian semiarid region. Revista
Brasileira de Ciéncia do Solo, v. 42, p.
e0160563, 2018.

https://doi.org/10.1590/18069657rbcs20160563
C. C,;,BENITES, V. de
M.; MACHADO, P. L. O. de A.; MADARI, B.
E.; COELHO, M. R.; MOURA, 1. B. de; LIMA,
C. X. de. Estoques de carbono nos solos do
Brasil. Rio de Janeiro: Embrapa Solos.
Boletim de pesquisa e desenvolvimento, 121,
2007, 26p. Available:
http://www.infoteca.cnptia.embrapa.br/infotec
a/handle/doc/339464. Accessed on: feb. 17,
2026.

GOMES, A. S.; BORGES NETO, I. de O

PEDRO-SILVA, L.; RODRIGUES, E. de M,;
VIEIRA, C. S.; LOPES, S. de F.; SOUZA, J. J.
L. L. de. Soil organic carbon distribution in
inselbergs of Caatinga. Geoderma Regional,
v. 46, e01128, 2026.
https://doi.org/10.1016/j.geodrs.2026.e01128

HINTON, P. R. Statistics Explained.

Routledge, 2014.
https://doi.org/10.4324/9781315797564

HUSTON, M. A. Disturbance, productivity, and

species diversity: empiricism vs. logic in
ecological theory. Ecology, v. 95, p. 2382—
2396, 2014. https://doi.org/10.1890/13-1397.1

IUSS WORKING GROUP WRB. World

Reference Base for Soil Resources 2022:
international soil classification system for
naming soils and creating legends for soil

14

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513


https://doi.org/10.1111/mec.17180
https://doi.org/10.1016/j.pedsph.2025.09.028
https://doi.org/10.1046/j.1472-4642.2003.00035.x
https://doi.org/10.1046/j.1472-4642.2003.00035.x
https://doi.org/10.1006/jare.2001.0907
https://doi.org/10.1111/aec.13018
https://doi.org/10.1007/s10531-025-03065-2
https://doi.org/10.1007/s10531-025-03065-2
https://doi.org/10.1046/j.1365-2389.2000.00327.x
https://doi.org/10.1046/j.1365-2389.2000.00327.x
https://doi.org/10.1007/s00374-021-01609-6
https://doi.org/10.1007/s00374-021-01609-6
https://doi.org/10.1111/jvs.12002
https://doi.org/10.1111/1365-2745.12306
https://doi.org/10.1111/1365-2745.12306
https://doi.org/10.1016/j.soilbio.2016.11.017
https://doi.org/10.1016/j.jaridenv.2019.104079
https://doi.org/10.1590/18069657rbcs20160563
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/339464
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/339464
https://doi.org/10.1016/j.geodrs.2026.e01128
https://doi.org/10.4324/9781315797564
https://doi.org/10.1890/13-1397.1

SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

maps. Rome: FAO, 2022. (World Soil
Resources Reports).

KANG, S.-H.; CHOI, W. Oxidative degradation
of organic compounds using zero-valent iron in
the presence of natural organic matter serving
as an electron shuttle. Environmental
Science & Technology, v. 43, p. 878-883,
2009. https://doi.org/10.1021/es801705f

MACHADO, A. F.; SILVA, M. N. F.; FARIAS, 1.
P.; ANCIAES, M.; NUNES, M. S.; PECANHA,
W. T.; RITTER, C. D.; AZEVEDO, J. A. R,;
MIRANDA, C. L.; DUARTE, L. Recent past
connections between Amazonian and Atlantic
forests by comparative phylogeography and
paleodistribution models for didelphid
mammals. Evolutionary Ecology, v. 38, p.
23, 2024. https://doi.org/10.1007/s10682-024-
10292-6

MAGNAGO, L. F. S.; MARTINS, S. V;
SCHAEFER, C. E. G. R.; NERI, A. V. Restinga
forests of the Brazilian coast: richness and
abundance of tree species on different soils.
Anais da Academia Brasileira de
Ciéncias, v. 84, p. 807-822, 2012
https://doi.org/10.1590/S0001-
37652012000300023

MEDINSKI, T. V.; MILLS, A. J.; ESLER, K. J;
SCHMIEDEL, U.; JURGENS, N. Do soil
properties constrain species richness? Insights
from boundary line analysis across several
biomes in southwestern Africa. Journal of
Arid Environments, v. 74, p. 1052-1060,
2010.
https://doi.org/10.1016/j.jaridenv.2010.03.004

MINICK, K. J.; FISK, M. C.; GROFFMAN, P. M.
Soil Ca alters processes contributing to C and
N retention in the Oa/A horizon of a northern
hardwood forest. Biogeochemistry, v. 132, p.
343-357, 2017. https://doi.org/10.1007/s10533-
017-0307-z

MORO, M. F.; AMORIM, V. O.; QUEIROZ, L. P;
COSTA, L. R. F.; MAIA, R. P.; TAYLOR, N. P;
ZAPPI, D. C. Biogeographical districts of the
Caatinga dominion: a proposal based on
geomorphology and endemism. The
Botanical Review, v. 90, p. 376-429, 2024.
https://doi.org/10.1007/s12229-024-09304-5

MORO, M. F.; LUGHADHA, E. N.; ARAUJO, F.
S.; MARTINS, F. R. A phytogeographical
metaanalysis of the semiarid Caatinga domain
in Brazil. The Botanical Review, v. 82, p.
91-148, 2016. https://doi.org/10.1007/s12229-
016-9164-z

PALOSCHI, R. A.; RAMOS, D. M.; VENTURA,
D. J.; SOUZA, R.; SOUZA, E.; MORELLATO,
L. P. C.; NOBREGA, R. L. B,; COUTINHO, {.
A. C; VERHOEF, A; KORTING, T. S;
BORMA, L. S. Environmental drivers of water
use for Caatinga woody plant species:

combining remote sensing phenology and sap
flow measurements. Remote Sensing, v. 13,
p. 75, 2021. https://doi.org/10.3390/rs13010075
PARMENTIER, I.; STEVART, T.; HARDY, O. J.
The inselberg flora of Atlantic Central Africa.
I. Determinants of species assemblages.
Journal of Biogeography, v. 32, p. 685-696,
2005. https://doi.org/10.1111/1.1365-
2699.2004.01243.x
PATTON, N. R.; LOHSE, K. A.; SEYFRIED, M.
S.; GODSEY, S. E.; PARSONS, S. B.
Topographic controls of soil organic carbon on
soil-mantled landscapes. Scientific Reports,
V. 9, p. 6390, 2019.
https://doi.org/10.1038/s41598-019-42556-5
PEREZ, F. L. Geoecology of a granite dome:
Spatial interactions between gnammas, rills,
soils, and plant cover, Enchanted Rock (Texas,
USA). Catena, v. 223, 106938, 2023.
https://doi.org/10.1016/j.catena.2023.106938
PINTO-JUNIOR, H. V., HERINGER, G,
DINIZ, E. S.; MULLER, L. A. C.; VILLA, P. M;
MEIRA-NETO, J. A. A,; NERI, A. V.
Biogeographic isolation and climate shape the
evolutionary heritage of  Neotropical
inselbergs. Global Ecology and
Biogeography, v. 33, p. el3860, 2024.
https://doi.org/10.1111/geb.13860
POREMBSKI, S.; SEINE, R.; BARTHLOTT, W.
Factors controlling species richness of
inselbergs. In: POREMBSKI, S.;
BARTHLOTT, W. (Ed.). Inselbergs. Berlin:
Springer, (Ecological Studies). p. 451-481,
2000. https://doi.org/10.1007/978-3-642-59773-
2_21
R CORE TEAM. R: alanguage and environment
for statistical computing. Vienna: R
Foundation for Statistical Computing, 2020.
REICHMANN, L. G.; SALA, O. E.; PETERS, D.
P. C. Water controls on nitrogen
transformations and stocks in an arid
ecosystem. Ecosphere, v. 4, p. 1-17, 2013.
https://doi.org/10.1890/ES12-00263.1
RIBEIRO, E. M. S.; ARROYO-RODRIGUEZ, V.;
SANTOS, B. A.; TABARELLI, M.; LEAL, I. R.
Chronic anthropogenic disturbance drives the
biological impoverishment of the Brazilian
Caatinga. Journal of Applied Ecology, v.
52, p. 611-620, 2015.
https://doi.org/10.1111/1365-2664.12420
RIBEIRO, E. M. S.; SANTOS, B. A.; ARROYO-
RODRIGUEZ, V.; TABARELLI, M.; LEAL, I
R. Phylogenetic impoverishment of plant
communities  following chronic human
disturbances in the Brazilian Caatinga.
Ecology, v. 97, p. 1583-1592, 2016.
https://doi.org/10.1890/15-1122.1
RODRIGUES, P. M. S.; SCHAEFER, C. E. G.R.;
OLIVEIRA SILVA, J.; FERREIRA, W. G

15

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513


https://doi.org/10.1021/es801705f
https://doi.org/10.1007/s10682-024-10292-6
https://doi.org/10.1007/s10682-024-10292-6
https://doi.org/10.1590/S0001-37652012000300023
https://doi.org/10.1590/S0001-37652012000300023
https://doi.org/10.1016/j.jaridenv.2010.03.004
https://doi.org/10.1007/s10533-017-0307-z
https://doi.org/10.1007/s10533-017-0307-z
https://doi.org/10.1007/s12229-024-09304-5
https://doi.org/10.1007/s12229-016-9164-z
https://doi.org/10.1007/s12229-016-9164-z
https://doi.org/10.3390/rs13010075
https://doi.org/10.1111/j.1365-2699.2004.01243.x
https://doi.org/10.1111/j.1365-2699.2004.01243.x
https://doi.org/10.1038/s41598-019-42556-5
https://doi.org/10.1016/j.catena.2023.106938
https://doi.org/10.1111/geb.13860
https://doi.org/10.1007/978-3-642-59773-2_21
https://doi.org/10.1007/978-3-642-59773-2_21
https://doi.org/10.1890/ES12-00263.1
https://doi.org/10.1111/1365-2664.12420
https://doi.org/10.1890/15-1122.1

SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

SANTOS, R. M.; NERI, A. V. The influence of
soil on vegetation structure and plant diversity
in different tropical savannic and forest
habitats. Journal of Plant Ecology, v. 11, p.
226236, 2018.
https://doi.org/10.1093/jpe/rtw135

ROWLEY, M. C.; GRAND, S.; VERRECCHIA,
E. P. Calcium-mediated stabilisation of soil
organic carbon. Biogeochemistry, v. 137, p.
27-49, 2018. https://doi.org/10.1007/s10533-
017-0410-1

SALGADO, A. A. R.; BUENO, G. T.; DINIZ, A.
D.; MARENT, B. R. Long-term
geomorphological evolution of the Brazilian
territory. In: VIEIRA, B. C.; SALGADO, A. A.
R.; SANTOS, L. J. C. (Ed.). Landscapes and
landforms of Brazil. Dordrecht: Springer, p.
19-31, 2015.
https://doi.org/10.1007/978-94-017-8023-0_3

SANTOS, H. G.; CARVALHO JUNIOR, W,
DART, R. O.; AGLIO, M. L. D.; SOUZA, J. S,;
PARES, J. G.; FONTANA, A.; MARTINS, A. L.
S.; OLIVEIRA, A. P. O novo mapa de solos
do Brasil: legenda atualizada. Rio de
Janeiro: Embrapa Solos, 2011.

SANTOS, H. G.; JACOMINE, P. K. T.; ANJOS,
L. H. C.; OLIVEIRA, V. A.; LUMBRERAS, J.
F.; COELHO, M. R.; ALMEIDA, J. A,
ARAUJO FILHO, J. C.; OLIVEIRA, J. B
CUNHA, T. J. F. Sistema brasileiro de
classificacao de solos. 6. ed. Brasilia:
Embrapa, 2025.

SEILER, C.; HUTJES, R. W. A.; KRUIJT, B,
HICKLER, T. The sensitivity of wet and dry
tropical forests to climate change in Bolivia.
Journal of Geophysical Research:
Biogeosciences, v. 120, p. 399-413, 2015.
https://doi.org/10.1002/2014JG002749

SEINE, R.; POREMBSKI, S.; BECKER, U.
Phytogeography. In: POREMBSKI, S,
BARTHLOTT, W. (Ed.). Inselbergs: biotic
diversity of isolated rock outcrops in tropical
and temperate regions. Berlin: Springer, p.
435450, 2000.
https://doi.org/10.1007/978-3-642-59773-2_20.

SILVA, Y. J. A. B. da; NASCIMENTO, C. W. A.
do; BIONDI, C. M.; VAN STRAATEN, P;
SOUZA JUNIOR, V. S. de; FERREIRA, T. O.
Geochemical signatures and weathering rates
in soils derived from different granites in
contrasting climatic locations. Acta
Scientiarum Agronomy, [S. L], v. 41, n. 1, p.
€39708, 2018.
https://doi.org/10.4025/actasciagron.v4111.397
08

SOBRAL-SOUZA, T.; LIMA-RIBEIRO, M. S,
SOLFERINI, V. N. Biogeography of
Neotropical rainforests: past connections
between Amazon and Atlantic Forest detected

by ecological niche modeling. Evolutionary
Ecology, v. 29, p. 643-655, 2015.
https://doi.org/10.1007/s10682-015-9780-9

SOUZA, B. I.; LUNGUINHO, R. L.; XAVIER, R.
A.; QUEIROZ, R. T. D.; MEDEIROS, J. R. D;
CARDOSO, E. C. M.; MACIEL, M. G. R;
BORGES NETO, I. O.; SANTOS, L. J. C,;
SOUZA, J. J. L. L.; CORDEIRO, J. M. P.
Rainwater runoff, soil, and vegetation
interactions in inselbergs provide microrefugia
in Brazil's Caatinga drylands.
Environmental Monitoring and
Assessment, v. 197, p. 772, 2025.
https://doi.org/10.1007/s10661-025-14192-2

SOUZA, J.dJ. L. L.; FONTES, M. P. F.; GILKES,
R.; COSTA, L. M., OLIVEIRA, T. S.
Geochemical signature of Amazon tropical
rainforest soils. Revista Brasileira de
Ciéncia do Solo, v. 42, p. e0170192, 2018.
https://doi.org/10.1590/18069657rbcs20170192

SOUZA, J. J. L. L.; SOUZA, B. 1.; XAVIER, R.
A.; CARDOSO, E. C. M.; MEDEIROS, J. R;
FONSECA, C. F.; SCHAEFER, C. E. G. R.
Organic carbon-rich soils in the Brazilian
semiarid region and paleoenvironmental
implications. Catena, v. 212, p. 106101, 2022.
https://doi.org/10.1016/j.catena.2022.106101

TANG, J.; MO, Y.; ZHANG, J.; ZHANG, R.
Influence of biological aggregating agents
associated with microbial population on soil
aggregate stability. Applied Soil Ecology, v.
47, p. 153-159, 2011.
https://doi.org/10.1016/j.aps01l.2011.01.001

TEIXEIRA, P. C.; DONAGEMA, G. K;
FONTANA, A.; TEIXEIRA, W. G. Manual de
métodos de analise de solos. Brasilia:
Embrapa, 2017.

TINDANO, E.; KADEBA, A.; TRAORE, 1. C. E.;
THIOMBIANO, A. Effects of abiotic factors on
the flora and vegetation of inselbergs in
Burkina Faso. Environmental Advances, v.
12, p. 100378, 2023.
https://doi.org/10.1016/j.envadv.2023.100378

VAN DER PUTTEN, W. H.; BARDGETT, R. D;
BEVER, J. D.; BEZEMER, T. M.; CASPER, B.
B.; FUKAMI, T, KARDOL, P,
KLIRONOMOS, J. N.; KULMATISKI, A,
SCHWEITZER, J. A.; SUDING, K. N.; VAN
DE VOORDE, T. F. J.; WARDLE, D. A. Plant—
soil feedbacks: the past, the present and future
challenges. Journal of Ecology, v. 101, p.
265-276, 2013. https://doi.org/10.1111/1365-
2745.12054

WANG, X.; AULER, A. S.; EDWARDS, R. L;
CHENG, H.; CRISTALLI, P. S.; SMART, P. L;
RICHARDS, D. A.; SHEN, C.-C. Wet periods
in northeastern Brazil over the past 210 kyr
linked to distant climate anomalies. Nature,
V. 432, p. 740-743, 2004.

16

Soc. Nat. | Uberlandia, MG | v.38 | e83305| 2026 | ISSN 1982-4513


https://doi.org/10.1093/jpe/rtw135
https://doi.org/10.1007/s10533-017-0410-1
https://doi.org/10.1007/s10533-017-0410-1
https://doi.org/10.1007/978-94-017-8023-0_3
https://doi.org/10.1002/2014JG002749
https://doi.org/10.1007/978-3-642-59773-2_20
https://doi.org/10.4025/actasciagron.v41i1.39708
https://doi.org/10.4025/actasciagron.v41i1.39708
https://doi.org/10.1007/s10682-015-9780-9
https://doi.org/10.1007/s10661-025-14192-2
https://doi.org/10.1590/18069657rbcs20170192
https://doi.org/10.1016/j.catena.2022.106101
https://doi.org/10.1016/j.apsoil.2011.01.001
https://doi.org/10.1016/j.envadv.2023.100378
https://doi.org/10.1111/1365-2745.12054
https://doi.org/10.1111/1365-2745.12054

SOUZA et al.

Mineral-Organic Interactions and Soil Gradients

https://doi.org/10.1038/nature03067

WERNECK, F. P.; COSTA, G. C.; COLLI, G. R,;
PRADO, D. E.; SITES JUNIOR, J. W.
Revisiting the historical distribution of
seasonally dry tropical forests: new insights
based on palaeodistribution modelling and
palynological evidence. Global Ecology and
Biogeography, v. 20, p. 272-288, 2011.
https://doi.org/10.1111/;.1466-
8238.2010.00596.x

WRIGHT, C. L.; WEST, J. B.; LIMA, A. L;
SOUZA, E. S.; MEDEIROS, M.; WILCOX, B.
P. Contrasting water-use strategies revealed
by species-specific transpiration dynamics in
the Caatinga dry forest. Tree Physiology, v.
44, p. tpad137, 2024.
https://doi.org/10.1093/treephys/tpad137

XAVIER, R. A.; SOUZA, B. I.; CARDOSO, E. C.
M.; SILVA SEABRA, V. Padrées de relevo da
Area de Protecdo Ambiental do Cariri
Paraibano: uma contribuicdo a cartografia
geomorfoldgica semidrida. Revista Ciéncia
Geografica, v. 26, p. 34-50, 2022.
https://doi.org/10.18817/26755122.26.01.2022.
2866

YEOMANS, J. C.; BREMNER, J. M. A rapid and
precise method for routine determination of
organic carbon in soil. Communications in
Soil Science and Plant Analysis, v. 19, p.
1467-1476, 1988.
https://doi.org/10.1080/00103628809368027

ZAR, J. H. Spearman Rank Correlation:
Overview. In: BALAKRISHNAN, N,;
COLTON, T.; EVERITT, B.; PIEGORSCH, W_;
RUGGERI, F.; TEUGELS, J. L. (Ed.). Wiley

StatsRef: Statistics Reference Online.
Chichester: John Wiley & Sons, 2014. Accessed
on: 27 Feb. 2026.

https://doi.org/10.1002/9781118445112.stat05
964

ZINCK, J. A. The Geomorphic Landscape:
Classification of Geoforms. In: ZINCK, J. A.;
METTERNICHT, G.; DEL VALLE, H. F;
ANGELINI, M. (Ed.). Geopedology: an
integration of geomorphology and pedology for
soil and landscape studies. Springer, p. 107—
131, 2023. https://doi.org/10.1007/978-3-031-
20667-2_7

ited.

AUTHORS CONTRIBUTION

Bartolomeu Israel de Souza: Conceptualization,
Funding acquisition, Investigation, Project
administration, Supervision, and Writing —
Review & Editing; Rony Lopes Lunguinho: Data
curation, Formal analysis, Investigation,
Writing — original draft; Daniel Kroehling:
Investigation, and Formal analysis; José Jodo
Lelis Leal de Souza: Conceptualization, Funding
acquisition, Investigation, Methodology, and
Writing — Review & Editing; Rubens Teixeira de
Queiroz: Data curation, Formal analysis,
Investigation; Joseilsom Ramos de Medeiros:
Investigation, Writing — original draft; Eimi
Celly Morais Cardoso: Data curation,
Investigation, Writing — original draft; Joel
Maciel Pereira Cordeiro: Writing — review &
editing; Rafael Albuquerque Xavier:
Conceptualization, Methodology, Validation;
Inocencio de Oliveira Borges Neto: Data
curation, Formal analysis, Methodology,
Visualization, Writing — review & editing.

ASSOCIATE EDITOR: Silvio Carlos
Rodrigues.

DATA AVAILABILITY: The data that
underpin the results of this study may be made
available by the corresponding author, upon
duly justified request. [Bartolomeu Israel de
Souza].

his is an Open Access article distributed under the terms of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

17

Soc. Nat. | Uberlandia, MG | v.38 | e83305]| 2026 | ISSN 1982-4513


https://doi.org/10.1038/nature03067
https://doi.org/10.1111/j.1466-8238.2010.00596.x
https://doi.org/10.1111/j.1466-8238.2010.00596.x
https://doi.org/10.1093/treephys/tpad137
https://doi.org/10.18817/26755122.26.01.2022.2866
https://doi.org/10.18817/26755122.26.01.2022.2866
https://doi.org/10.1080/00103628809368027
https://doi.org/10.1002/9781118445112.stat05964
https://doi.org/10.1002/9781118445112.stat05964
https://doi.org/10.1007/978-3-031-20667-2_7
https://doi.org/10.1007/978-3-031-20667-2_7
https://orcid.org/0000-0002-5376-1773

