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Graphical abstract

This study examines how lithology and pedoclimate govern soil evolution and degradation in humid
tropical Gabon by comparing ferralitic soils developed on ancient granito-gneissic basement at Koula-
Moutou to younger coastal sedimentary sands at Kango. Ferralitic soils display extreme acidity (pH <
4.5), low cation exchange capacity, and severe base depletion, reflecting advanced degradation but
lower vulnerability, whereas coastal sands retain nutrients more moderately yet remain more prone to
nutrient loss, highlighting the need for site-specific management such as liming and organic inputs.
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Abstract: This study investigates how lithology and pedoclimate
control soil evolution and degradation across two contrasting
systems in humid tropical Gabon. The research compares ferralitic
soils formed on ancient granito-gneissic basement at Koula-Moutou
to younger coastal sedimentary sands at Kango. Physicochemical
analyses revealed divergent trajectories: ferralitic soils exhibited
extreme acidity (pH < 4.5), low cation exchange capacity, and severe
base depletion, rendering them highly degraded but less vulnerable
through persistent weathering. Conversely, coastal sands showed
moderate nutrient retention but greater vulnerability to nutrient loss.
These findings highlight the fact that lithological inheritance governs
fertility dynamics. There is a need for site-specific management, such
as liming and organic inputs, to restore Congo Basin soils.

Keywords : Lithological inheritance, Tropical soil degradation,
Sustainable soil management.
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1. Introduction

Soils link the lithosphere, biosphere, and climate systems. Soils are fundamental in
regulating ecosystem processes such as nutrient cycling, water retention, carbon sequestration,
and primary productivity [1,2]. Many soils, particularly tropical soils, are considered to be
degraded [3], and these functions are increasingly compromised by abiotic and biotic factors,
including climate variability, parent material, and anthropogenic activities [4]. Covering
approximately 40% of the Earth’s terrestrial surface [5,6] and exhibiting heightened sensitivity
to degradation, tropical soils are a frontier for global sustainability initiatives [7,8]. Central to
the “4 per 1000 Initiative, these soils are critical to promote a transition toward productive,
resilient, and climate-smart agriculture rooted in sustainable land and soil resource
management [9]. Tropical soils also play a strategic role in advancing several interlinked
United Nations Sustainable Development Goals (SDGs), including food security (SDG 2),
sustainable land use (SDG 12), climate action (SDG 13), and biodiversity conservation (SDG
15) [10].

In Central Africa, particularly in Gabon, the interplay between complex bedrock geology and
high rainfall regimes has produced a striking geopedological mosaic. Soils derived from
contrasting parent materials such as highly weathered ferralitic soils formed on the
Precambrian crystalline basement and relatively younger coastal sedimentary sands developed
on Cretaceous—Tertiary formations exhibit divergent physical and chemical behaviours [11].
These lithological differences influence not only the mineralogical and structural properties of
soils but also their fertility potential and degradation pathways under increasing anthropogenic

pressure [12].

The functional differentiation of soils reflects their underlying geological heritage and their
response to climatic drivers, both critical to landscape evolution and long-term soil
sustainability. Fertility is governed by interrelated variables such as texture, organic carbon
content, base saturation, and nutrient retention—all shaped by the mineralogy of the parent
material, the intensity of weathering, and the input of organic matter associated with vegetation
cover [13-16]. Moreover, these parameters influence the vulnerability of soils to degradation,

particularly in agricultural landscapes and areas affected by deforestation [17,18].

The study areas, Koula-Moutou in southeastern Gabon and Kango in the western coastal belt,
offer contrasting litho-climatic contexts. Koula-Moutou is located in the Chaillu Massif, a
mountainous region straddling the border between southern Gabon and the western Republic

of the Congo [19]. This massif is a segment of the ancient Archean basement dominated by
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tonalites, granodiorites, and mafic intrusions, indicative of a complex polyphase magmatic and
metamorphic history [11,20]. Kango, in contrast, is situated within Gabon’s coastal
sedimentary basin [21], a geomorphic unit formed during the Early Cretaceous rifting of the
South Atlantic. This basin records a complex fluviomarine depositional history, comprising
stratigraphic sequences such as the Agoula, Madiela, and Sibang formations [10,11]. These
formations, dominated by unconsolidated sands, marls, and occasional carbonates, underpin a
landscape of inherently fragile, quartz-rich soils [22]. The coastal sedimentary sands extend far
beyond Gabon, forming a continuous belt along the Atlantic margins of Central Africa, notably
in Cameroon and the Democratic Republic of the Congo [23]. This transboundary distribution
emphasizes that they are a shared geopedological resource—and a common vulnerability—

within the Congo Basin’s coastal fringe [24,25].

These lithostratigraphic contrasts condition the processes of soil formation, mineral
weathering, and nutrient availability. By linking soil processes to their geological substrates
and climatic regimes, this research contributes to understanding lithology—soil-climate

interactions in the context of tropical landscape evolution and long-term ecosystem resilience.

This study investigates how lithological inheritance and pedoclimatic conditions influence the
development, degradation, and sustainability of tropical soils in these two divergent settings.
The aim is to: (1) characterize the physicochemical properties of ferralitic and coastal
sedimentary soils across vertical soil profiles; (2) evaluate fertility levels using a structured
classification approach based on integrated soil indicators; (3) assess the soil degradation rate
(SDR) and vulnerability potential (Vp) through composite indices to quantify susceptibility to
nutrient loss and functional decline; and (4) propose site-specific soil management strategies

for each geopedological context.

Given the differences in the geological substrate—which govern not only structural
development but, more critically, nutrient bioavailability— we hypothesize that coastal
sedimentary sands, despite structural fragility, will show higher nutrient responsiveness and
more favourable sustainability indices under improved management conditions, whereas
ferralitic soils formed on the crystalline basement will exhibit lower resilience. This hypothesis

is tested by comparing soil properties across contrasting geopedological contexts in Gabon.
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2. Materials and methods

2.1 Study area and sampling design

Field investigations were conducted during two separate campaigns (December 2023 and
February 2024) at two ecologically and geologically distinct sites in Gabon: Koula-Moutou,
located in the southeast, and Kango, in the western coastal region (Fig. 1a). Both locations are
characterized by secondary forest cover but differ in climatic regimes, floristic composition,

and underlying lithology.

The Koula-Moutou site (01°14.686" S, 12°54.743" E) lies within the fully humid equatorial
zone and receives a mean annual rainfall of ~2,000 mm, with an average temperature of 26 °C.
The vegetation comprises mainly dense tropical forests, gradually transitioning into disturbed
secondary growth near human settlements. Dominant species include Aucoumea klaineana
(Okoumé), Desbordesia insignis (Alep), Pachylobus butettneri (Ozigo), and Irvingia
gabonensis (bush mango). Montane zones are frequently colonized by heliophilous pioneers

such as Musanga cecropioides (parasol tree) and Aucoumea klaineana.

In contrast, Kango (00°06.977' N, 10°11.264" E) experiences a transitional equatorial climate,
with a similar mean temperature but higher rainfall (~2,566 mm/year). The site has been
historically influenced by anthropogenic activity, particularly selective logging and settlement
expansion, resulting in floristic compositions dominated by species similar to those of Koula-

Moutou but in varied successional stages.

Geologically, Koula-Moutou is part of the Chaillu Massif, underlain by Archean-aged
granitoid complexes (e.g., tonalites, granodiorites, and monzogranites) and mafic intrusions,
indicative of a polyphase magmatic evolution within the Congo Craton [11,26,27]. This
lithostructural setting has promoted the formation of deeply weathered ferralitic soils. In
contrast, Kango lies within the coastal sedimentary basin, an Atlantic margin basin formed
during the Early Cretaceous, characterized by interbedded continental, lacustrine, and marine
formations. The dominant surficial material here is coastal alluvium and sandy sediments,

derived from the Agoula, Madiela, Cocobeach, and Sibang sequences [10,27] (Fig. 1b—c).

At each site, composite soil samples were collected at three depth intervals (0—10 cm,
10-20 cm, 20-30 cm), with three replicates per depth, following a randomized spatial layout.
A total of 22 soil profiles were surveyed in Kango and 18 in Koula-Moutou, resulting in 120
individual samples from 40 profiles. All samples were air-dried, sieved (2 mm), and stored for

physicochemical analysis.
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Figure 1. Sampling sites maps showing: (a) vegetation cover, (b) lithology, and (c) soil units. Maps adapted from Wade et al. [27]
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2.2 Laboratory analyses of soil Properties

Soil pH was measured in a 1:2.5 soil-to-water suspension using a calibrated pH meter. Soil
organic carbon (SOC) was quantified using the Walkley-Black dichromate oxidation method
[28]. Total nitrogen (TN) was determined via Kjeldahl digestion [29]. Ammonium (NH4") and
nitrate (NOs~) concentrations were determined spectrophotometrically, following [30].
Available phosphorus was extracted using 0.5 M NaHCOs and analysed colorimetrically [31].
Exchangeable base cations (Ca?*, Mg?*, K* and Na") were extracted using a | M ammonium
acetate solution (pH 7.0). Ca*" and Mg*" were quantified using EDTA titration, whereas K* and
Na* were determined via flame photometry [32]. The cation exchange capacity (CEC) was
determined using the 1 M ammonium acetate method (pH 7.0) [33].

Soil particle size distribution was assessed using the pipette method. Bulk density (Bd) was
estimated using pedotransfer functions [34]. Soil water content (WC), total porosity (TP), and
air porosity (AP) were calculated following [35]. Soil structural stability was evaluated using

the Index of Soil Structural Stability (ISS) [36]:

1SS (%) = 1.724 x OC « 100
o TSl + Clay

Where OC represents the organic carbon content. Interpretation thresholds were defined as
follows: ISS > 9%: high structural stability; 7-9%: moderate stability, low risk; 5-7%: high
degradation risk; < 5%: structurally degraded soils [36].

2.3 Soil fertility classification and degradation assessment
To assess current fertility status, soils were classified using the framework of [Quemada and
Cabrera [37], refined by Nguemezi et al. [38]. Soils were assigned to one of four fertility classes
based on the severity and number of physicochemical limitations: Class | (no or minimal
limitations), Class Il (up to three moderate limitations with low severity), Class 11l (more than
three moderate limitations and at least one severe limitation), Class IV (multiple severe
limitations).
The following parameters were included in the assessment: soil texture, SOC, TN, C/N ratio,
available P, exchangeable bases (Ca**, Mg**, K*, Na*), base saturation (BS), CEC, and pH.
Degradation dynamics were evaluated using two metrics: soil degradation rate (SDR) and
vulnerability potential (Vp). SDR scores ranged from 1 (none) to 5 (extreme degradation),
whereas Vp scores ranged from 5 (very low vulnerability) to 1 (very high vulnerability).
The Cumulative Rating Index (CRI) (Table 1) was derived by summing the SDR and Vp

weighting values, providing an integrated proxy for soil quality and functional stability [39].
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Table 1. Interpretation of Cumulative Rating Index

Cumulative Rating Index

Sustainability SDR SVP
Highly Sustainable <20 >40
Sustainable 20-30 35-40
Sustainable with high input 30-35 30-35
Sustainable with another land use 35-40 20-30
Unsustainable >40 <20

2.4 Statistical analyses
All data were tested for normality using the Shapiro—Wilk test. When the assumptions of
normality were met, one-way ANOVA was applied; in other cases, non-parametric Kruskal—
Wallis tests were employed. Post hoc comparisons were performed when required.
Relationships among soil properties were explored using Pearson’s correlation and linear
regression analyses. All statistical analyses were conducted at a 95% confidence level (o =
0.05) using Python (Spyder IDE).

3. Results
3.1 Soil physical properties and profile structure

The particle size distribution and structural properties of soils varied significantly
between the two geologically distinct sites (Table 2; Fig. 2). At Kango, coastal sedimentary
sands exhibited a loamy texture, whereas Koula-Moutou’s ferralitic soils were classified as
sandy clay. In both soils, sand was the dominant fraction; the overall distribution of sand, silt,
and clay showed contrasting depth trends (Fig. 2a—c).

Clay content increased with depth at both sites, reaching higher proportions in Koula-

Moutou, where it constituted the second most abundant fraction. By contrast, silt was more
abundant in surface horizons and declined with depth, particularly in the Kango profiles. These
opposing trends were reflected in the silt/clay ratio, which was significantly higher in the
coastal sedimentary sands (Kango) than in the ferralitic soils (Koula-Moutou; p < 0.05).
Quantitatively, the arable layer (0—30 cm) at Koula-Moutou contained 85% more clay and 65%
more silt than its counterpart in Kango (p = 1.5 x 107'2).
Bulk density (Bd) was significantly lower across all depths in Kango soils compared to Koula-
Moutou (p = 2.0 x 107, Table S1), consistent with a looser, coarser sediment structure (Fig.
2d). Conversely, the Index of Soil Structural Stability (ISS) was significantly higher in the
surface horizons of the ferralitic soils (p = 1.2 x 107%), but declined with depth at both sites
(Fig. 3a). Although water content (WC) and air porosity (AP) did not differ significantly
between sites (p > 0.05), total porosity (TP) was notably greater in Kango soils (p =2.0 x 10°°),
especially in the upper 10 cm, consistent with their lower compaction and higher sand fraction
(Fig. 3b—d).
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Table 2. Mean soil physical properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n  Depth(cm) Clay (%) Sand (%) Silt (%) Silt:Clay Texture Bd (g/cm) ISS (%) WC (%) AP (%) TP (%)
C%"’.‘Sta' . o1 0.30 14.22 52.15 33.63 2.84 L 1.44 9.03 22.19 21.89 4561
izng:e” ary - +6.442  +£858°  +7.69° +1.45° oam +0.01° +3.69° +3.16° +3.01° +0.40°

26.29 61.90 11.81 0.59 Sandy clay 1.48 14.46 14.22 21.85 44.06

Ferralitic soils 18 0-30 +836h  +850°  +4.79 +0.54° loam £0020  +753  +£436°  £429°  £0.79

n : Number or samples ; Bd: Bulk density ; ISS : Soil aggregate stability index ; WC : Water content ; AP : Air porosity ; TP : Total porosity, Subscript letters following the data denote statistical
similarities and differences among groups. Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent statistically significant differences in
mean values, as determined by Tukey’s multiple comparison test at the 5% significance level.

Table 3. Mean soil chemical properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n  Depth (cm) pH SOM (%) SOC (%) TN (%) C/IN NO3 (ppm) NH; (ppm)
Coastal sedimentary sands 21 0-30 461+0.23* 3844098 222+057* 024+06° 957+1.84* 16.12+5.76° 32.63+9.85%
Ferralitic soils 18 0-30 3.76+0.42° 464+128 269+074° 0.23+0.08% 11.87+1.61° 1458+475° 30.32+ 11.40°

Table 4. Mean soil fertility properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n Depth(cm) av.P (ppm) Ca?" (cmol/kg) Mg?* (cmol/kg) K* (cmol/kg) Na* (cmol/kg) CEC (cmol/kg) SBE (cmol/kg)
ga%a;jssta' sedimentary ) (39 474+163* 380+153°  134+059°  032+01° 007+005 1673+4.30°  6.10+3.17°
Ferralitic soils 18 0-30 817+251° 064+040° 024+016° 011+004° 004+004° 873+312°  1.05+057

n: Number or samples ; av.P : Available phosphorus; Ca?* : Exchangeable calcium; Mg?* : Exchangeable magnesium; K* : Exchangeable potassium; Na* : Exchangeable sodium;
CEC: Cationic exchangeable capacity; SBE : Sum exchangeable bases. Subscript letters following the data denote statistical similarities and differences among groups. Identical
letters indicate that the compared groups are not significantly different. Distinct subscripts represent statistically significant differences in mean values, as determined by
Tukey’s multiple comparison test at the 5% significance level.
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3.2 Chemical characteristics of soil horizons

The chemical fertility of the soils showed sharp contrasts between the two lithologically
distinct systems (Table 3; Fig. 4). Mean pH values were significantly higher in the coastal
sedimentary sands (+0.85 unit, p = 1.4 x 107°°), with declining acidity in surface layers and
increased acidification with depth in Kango. By contrast, Koula-Moutou soils exhibited an
upward trend in pH with depth (Fig. 4a).

Soil organic matter (SOM) content was significantly enriched in the arable layers of
ferralitic soils (+21%, p < 0.05), although both sites displayed a general decrease in SOM with
depth (Fig. 4b, Table S2). Total nitrogen (TN) levels were similar across soil types with no
significant difference (p > 0.05); a steeper vertical decline in TN was observed in Koula-
Moutou (—60%) than in Kango (—38%; Fig. 4c).

C/N ratios were significantly higher in Kango soils, indicative of slower organic matter
mineralization (p = 2.5 x 107%, Fig. 5a). This ratio declined with depth in Kango but remained
relatively stable in Koula-Moutou. In coastal sands, these differences were not statistically
significant. Although both nitrate (NOs~) and ammonium (NH4") concentrations were slightly
elevated in coastal sedimentary sands (+8% and +11%, respectively), these differences were

not statistically significant (Fig. 5b—c).
3.3 Nutrient distribution and soil fertility indices

The spatial distribution of macronutrients and cation exchange capacity (CEC) revealed
divergent nutrient retention strategies (Table 4, Figs. 5d, 6, and 7).

Available phosphorus (available P) was significantly higher in the ferralitic soils (+72%,
p = 1.3 x 1075, Table S3), despite the overall nutrient impoverishment typical of highly
weathered profiles. In both soils, available P declined with increasing depth (Fig. 5d).

Exchangeable base cations followed a consistent hierarchy: Ca** > Mg?* > K* > Na".
Their absolute concentrations were markedly higher in Kango soils: Ca?*" (+484%), Mg*"
(+452%), K* (+179%) and Na* (+68%). These differences were reflected in the significantly
higher CEC (+92%, p = 1.1 x 1077) and sum of exchangeable base cations (SEB) in Kango
soils (+475%, Table S3). CEC remained relatively stable with depth in Kango, whereas in
Koula-Moutou it declined sharply (—57.5%). Notably, the exchangeable base cations in Kango
decreased with depth (p = 1.4 x 1077), whereas Koula-Moutou soils showed minimal depth
variation (Fig. 7a-b). Base saturation (BS) was also higher in coastal sedimentary sands (p =
8.5 x 107¢) and declined moderately with depth at Kango (—36%), but remained nearly
unchanged in Koula-Moutou (Fig. 7c, Table S4).
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The Ca?*/Mg?" ratio was stable in Kango but increased slightly with depth in Koula-Moutou.
The Mg*/K" ratio, in contrast, showed a significant decline in Kango and remained unchanged
in Koula-Moutou. Differences in Mg?"/K* ratios between the two soil types were highly
significant (p =9.7 x 107¢, Table 5).

Table 5. Mean soil chemical fertility indicators (BS, Ca?"/Mg?", Mg?"/K") for the studied soil types:
Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n BS (%) Ca*/Mg?* Mg?/K*
Coastal sedimentary sands 21 36.54 + 17.09? 296+0.77¢ 418+ 1.16°
Ferralitic soils 18 14,15+ 11.17° 2.83+0.77¢ 211+1.03°

n: Number or samples; BS: Base saturation; Ca?*/Mg?* Calcium-to-Magnesium ratio; Mg?*/K*: Magnesium —to-
Potassium ratio. Subscript letters following the data denote statistical similarities and differences among groups.
Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent
statistically significant differences in mean values, as determined by Tukey’s multiple comparison test at the 5%
significance level.

3.2 Multivariate structure of soil properties

The Pearson correlation matrix (Fig. 8) revealed key functional linkages among soil
indicators. Clay content was negatively correlated with nutrient pools (exchangeable cations,
NOs"), CEC, pH, and TP, but positively correlated with Bd (p < 0.0001). Silt content was
positively associated with TP, C/N, and CEC. Sand fraction exhibited positive correlations with
ISS and Bd.

Soil pH emerged as a central integrator, positively correlated with exchangeable nutrients,
CEC, and SEB, but negatively with SOM and available P. TP exhibited strong correlations

with multiple fertility indicators, highlighting its diagnostic value for soil quality.

Principal Component Analysis (PCA) explained 94.03% of the total variance (Fig. 9a; Table
6). The first component (PC1, 59.12%) was dominated by variables indicative of parent

material influence (texture, Bd, CEC, exchangeable bases).
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Figure 8. Correlation heatmap showing relationships among key soil quality indicators.
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Table 6. Correlation between principal components (PC) and soil quality indicators of the studied soil

SQl PC1 PC2 p-value
Bd -0.97 -0.15 0.00005
TP 0.97 -0.15 0.00005
AP -0.64 -0.75 0.03349
wC 0.87 0.49 0.00521
Clay -0.98 -0.04 0.00001
Sand -0.16 0.95 0.00030
Silt 0.82 -0.54 0.01209
ISS 0.22- 0.97 0.00005
pH 0.76 -0.63 0.02900
SOM 0.37 0.92 0.00109
TN 0.60 0.76 0.02748
CIN -0.41 0.67 > 0.05
NHj 0.66 0.73 0.03967
NO3 0.78 0.49 0.02360
av.P -0.05 0.99 0.00000
Ca? 0.91 -0.24 0.00146
Mg?* 0.94 -0.26 0.00052
K* 0.97 -0.21 0.00004
Na* 0.96 -0.02 0.00013
CEC 0.97 -0.11 0.00005
BS 0.91 -0.37 0.00195
Eigenvalue 12.24 7.33
Variance (%) 59.12 34.91
Cumulative (%) 59.12 94.03

SQI : Soil quality indicators ; Bd: Bulk density ; ISS : Soil aggregate stability index ; WC : Water content ; AP :
Air porosity ; TP : Total porosity ; SOM: Soil organic matter ; TN : Total nitrogen ; C/N : Carbon-to-nitrogen
ratio ; NOz: Nitrate ; NH; : Ammonium ; av.P : Available phosphorus; Ca?*: Exchangeable calcium; Mg?* :
Exchangeable magnesium; K*: Exchangeable potassium; Na*: Exchangeable sodium; CEC: Cationic
exchangeable capacity; BS : Base saturation

The second component (PC2, 34.91%) concerned fertility attributes (SOM, TN, ISS,
NHa4", available P). PC1 was closely associated with coastal sediments (Kango), whereas PC2
differentiated ferralitic soils (Koula-Moutou), reflecting divergent pedogenetic and nutrient

retention pathways (Fig. 9b).
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3.5 Soil fertility classification and degradation assessment
Using the fertility classification, both soils were assigned to Fertility Class 1V, indicating
severe to moderate limitations. For Kango soils, constraints included low pH and available P,
as well as moderate BS deficiency. In Koula-Moutou, limitations were linked to low K* and

CEC, together with severe deficits in BS, SEB, and pH.

Table 7. Soil types fertility assessment: Coastal sedimentary sands (Kango site) and Ferralitic soils
(Koula-Moutou site).

SQl Coastal sedimentary sands Ferralitic soils

SOM (%) | |

TN (%) I I

av.P (ppm) v Il

K* (cmol/kg) Il 11|

SEB (cmol/kg) Il v

BS (%) i v

CEC (cmol/kg) Il 11|

pH v v

ISS (%) I I

Fertility level Poor Poor

Limiting factors pH, av.P, BS, pH, SEB, BS, CEC, K+
and av.P

Class v v

SQI : Soil quality indicators ; SOM: Soil organic matter ; TN : Total nitrogen ; av.P : Available phosphorus; K* :
Exchangeable potassium; SEB : Sum of exchangeable bases; BS : Base saturation ; CEC: Cationic exchangeable

capacity
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Degradation metrics further clarified these differences (Table 7). For both soil types, SDR/Vp
scores indicated high degradation susceptibility in pH and TN (scores of 5/1), moderate
degradation in Bd (3/3), and varying patterns in base cations. Ferralitic soils consistently scored
high SDR (5) and low Vp (1) for all cations, whereas coastal sands displayed more moderate
degradation potential (e.g., Ca?": 4/2; Mg**: 3/3).

The Cumulative Rating Index (CRI) revealed contrasting degradation dynamics: ferralitic soils
exhibited higher degradation rates but lower vulnerability (CRI: 46/20), whereas coastal sands
showed a lower degradation profile but higher susceptibility (CRI: 37/29). These findings
underscore the distinct geopedological constraints and resilience characteristics embedded in
each soil system (Table 8).

Table 8. Assessment of soil degradation rate and vulnerability potential of selected soil quality
indicators in the soil types.

SQl Coastal sedimentary sands Ferralitic soils
SDR Vp SDR Vp
Texture 1 5 2 4
Bd 3 3 3 3
pH 5 1 5 1
SOoC 3 3 3 3
TN 5 1 5 1
BS 4 2 5 1
av.P 4 2 3 3
CEC 3 3 4 2
Ca? 4 2 5 1
Mg?* 3 3 5 1
K* 3 3 5 1
CRI 38 28 45 21

SQI : Soil quality indicators ; SDR : Soil degradation rate ; Vp : Vulnerability potential ; SOC: Soil organic
carbon ; TN : Total nitrogen ; BS : Base saturation ; av.P : Available phosphorus; CEC: Cationic exchangeable
capacity ; Ca?*: Exchangeable calcium; Mg?* : Exchangeable magnesium; K* : Exchangeable potassium; Na* :
Exchangeable sodium ; CRI : Cumulative Rating Index.

4. Discussion

4.1 Lithological control on soil texture, structure, and physical properties

The contrasting physical properties observed between Kango and Koula-Moutou reflect the
foundational influence of their parent material, which governs particle size distribution,
structural organization, and hydrological behaviour. At both sites, sand dominates the arable
layer (>50%), a hallmark of regional pedogenic patterns across Gabon [23,27]. The ferralitic

soils at Koula-Moutou, derived from intensely weathered metaigneous substrates of the Chaillu
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Massif, exhibit a markedly higher clay content than the coastal sedimentary sands at Kango,
which developed on less altered marls and sandstones [10,11]. This contrast underscores the

role of geological inheritance in shaping long-term pedogenesis.

The lower silt/clay ratio in Koula-Moutou soils signals an advanced weathering stage,
characteristic of mature tropical Ferralsols. This process is marked by silt eluviation and in situ
clay accumulation [40,41]. This interpretation is quantitatively supported by a strong negative
correlation between silt and clay (r = —0.61, p < 0.0001), pointing to systematic mineralogical

differentiation over time [42].

Texture and mineralogy also shaped the mechanical integrity of the soil matrix. The higher 1SS
in the finer-textured ferralitic profiles suggests enhanced aggregation and resistance to erosive
forces, a crucial asset under intense tropical rainfall [36]. Conversely, coastal sands, though
more porous and aerated, exhibited lower ISS and Bd, rendering them more vulnerable to
physical breakdown, rapid infiltration, and nutrient leaching—especially under unsustainable
land use [42].

Lithological control extended to Bd and TP. Koula-Moutou soils exhibited higher compaction
and reduced moisture retention, probably associated with clay-dominated matrices and
sesquioxide enrichment [41-43]. The observed perfect inverse relationship between Bd and TP
(r=-1.00, R2=1.00, p <0.0001; Fig. 8) underscores the tight coupling between mineralogical
composition, structural properties, and hydrological functioning in tropical soils. These
insights carry critical implications for erosion risk, water availability, and land-use suitability,
reinforcing the need for pedologically informed management strategies in contrasting tropical

ecosystems [44].

4.2 Lithological control on soil acidity, nitrogen dynamics, and organic matter
stabilization

The chemical differentiation of soils across the study sites strongly reflected their lithological
heritage (Table 3). Both soil types exhibited acidic conditions, but the contrast in intensity was
striking: ferralitic soils at Koula-Moutou displayed extreme acidity (pH < 4.5), a hallmark of
deep tropical weathering and prolonged leaching. By contrast, the coastal sedimentary sands at
Kango maintained very strong acidity (4.5 < pH < 5.5), consistent with their carbonate-

depleted, quartz-dominated provenance [27,45]. These pH regimes not only differentiated
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geochemical signatures but also exerted a profound influence on nutrient dynamics and organic

matter stabilization [46].

Although SOM levels were significantly higher in the ferralitic soils (+21%), the mechanisms
underlying SOM persistence differed between the two sites. At Koula-Moutou, where extreme
acidity and high Fe/Al sesquioxides co-occur, SOM stabilization is probably mediated by
organo-mineral associations, including ligand exchange and surface complexation on oxide
mineral surfaces [47]. This interpretation is reinforced by negative pH-SOM (r = —0.47, R? =
0.22, p =0.003) and pH-clay (r =-0.54, R2=0.29, p <0.0001; Fig. 8) correlations, suggesting
that mineral surface chemistry plays a critical role in organic carbon retention under low-pH,

high-clay conditions [48].

Yet, the acidic environment also imposes biochemical constraints, particularly on nitrogen
cycling. Microbial nitrification is suppressed under low pH, leading to an accumulation of
ammonium (NH4") at the expense of nitrate (NOs") —a pattern observed at both sites but
especially pronounced in the ferralitic profiles, where acidity and clay jointly inhibit nitrifier
populations [49]. By contrast, the coarser texture and better-aerated conditions of the coastal
sands appear to support greater NOs™ availability, hinting at more efficient SOM mineralization

and improved microbial activity despite their lower SOM stocks [50].

Together, these findings illustrate how geology-mediated pH regimes modulate nutrient
retention, microbial function, and organic matter dynamics, emphasizing the need for context-
sensitive soil fertility interventions. In ferralitic soils, efforts must focus on pH correction and
enhancement of bioavailable nitrogen, whereas in coastal sands, maintaining organic inputs

and buffering against acidification will sustain nutrient cycling and productivity [51].

4.3 Phosphorus limitation and nutrient retention patterns

Although phosphorus (P) concentrations appeared elevated in the ferralitic soils of Koula-
Moutou relative to the coastal sedimentary sands of Kango, this trend reflects analytical bias
rather than agronomic reality. The commonly employed Olsen method—designed for neutral
to alkaline soils—tends to overestimate P availability under acidic conditions, a flaw
particularly pronounced in tropical weathered soils dominated by Fe and Al sesquioxides [52].
These sesquioxides exhibit strong sorptive affinities for phosphate, effectively sequestering it

into insoluble forms that are quantified chemically but inaccessible biologically [53].
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In this study, the extremely low pH values recorded in the ferralitic soils (pH < 4.5; Fig. 5d)
further exacerbate P sorption, masking an underlying phosphorus deficiency beneath
seemingly adequate concentrations. Hence, the observed P enrichment in ferralitic profiles
likely represents a fixation artefact—not a reservoir of plant-available nutrients. This insight
reinforces a central paradigm in tropical pedology: phosphorus availability must be interpreted

through the lens of soil mineralogy, not merely extraction values [54].

From a management standpoint, this underscores the critical need for integrated diagnostic
frameworks that consider pH buffering capacity, sesquioxide dominance, and P retention
dynamics. Reliance on conventional extraction methods in isolation risks overlooking latent P
constraints and misguiding fertilization regimes. Instead, targeted interventions—such as slow-
release phosphate formulations, organo-mineral amendments, or enhanced organic inputs—
should be prioritized to circumvent P fixation bottlenecks and boost nutrient-use efficiency in

acidic, highly weathered environments [54].

By contrast, the coastal sedimentary soils, though chemically less complex, exhibited higher
CEC and BS—a reflection of their lower weathering intensity and quartz-dominated lithology
[55,56]. This fertility advantage was largely confined to the upper horizon, where nutrient
stocks are concentrated and vulnerable to leaching. Sodium levels remained uniformly low,
consistent with expectations for tropical rainforest soils under high rainfall regimes [57],
further highlighting the need for site-specific nutrient budgeting even in relatively resilient soil

systems.

Together, these findings offer a scientifically grounded framework for rethinking nutrient
diagnostics and fertilization strategies across lithologically diverse tropical soils, with direct
implications for yield stability, ecological resilience, and sustainable land-use planning under

changing climatic and socioeconomic pressures [58].

4.4 Fertility classes, degradation rates, and site-specific vulnerabilities

Both soil types evaluated in this study—coastal sedimentary sands at Kango and ferralitic soils
at Koula-Moutou—were classified as Fertility Class IV, a category denoting multiple severe
agronomic constraints, particularly in pH, base saturation, and available phosphorus [37]. At
Kango, very strong soil acidity and critically low phosphorus availability emerged as dominant

fertility barriers. By contrast, Koula-Moutou’s deeply weathered ferralitic soils exhibited
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pronounced deficiencies in exchangeable potassium (K*) and cation exchange capacity (CEC),

compounding their intrinsic nutrient limitations.

Among all variables assessed, pH stood out as a central geochemical control, exerting strong
positive correlations with both CEC and Mg?"/K* ratios (p < 0.0001). This relationship
reinforces the role of acid—base equilibria in regulating nutrient retention and availability in
tropical soils—a dynamic particularly sensitive to both parent material and land-use intensity
[59-60].

The dual-index framework of Soil Degradation Rates (SDR) and Vulnerability Potential (Vp)
provided deeper insight into the degradation—resilience continuum of these soils [61]. Ferralitic
soils, despite registering a higher Cumulative Rating Index (CRI = 46/20), displayed greater
degradation but lower vulnerability, associated with their already impoverished baseline and
structural robustness. By contrast, coastal sands, though moderately degraded (CRI: 37/29),
exhibited greater vulnerability to further fertility loss, underlining their tenuous nutrient

balance and elevated sensitivity to anthropogenic disturbance.

These findings resemble broader pedological observations from humid tropical soils in
Central Africa, where ferralitic soils are often described as chemically exhausted but physically
resilient, whereas sedimentary soils are more chemically responsive yet structurally fragile
under unsustainable land use [62—63]. Such distinctions carry tangible implications for regional
land-use planning: ferralitic systems demand nutrient rehabilitation and pH correction, whereas
coastal sands require immediate protection from accelerated degradation through conservation-
based practices. In both cases, failure to act could precipitate irreversible losses in soil function

and landscape productivity, compromising long-term sustainability in the Congo Basin [58,63].

4.5 Agroecological implications and sustainable soil use

The contrasting genesis and mineralogical composition of ferralitic and coastal sedimentary
soils point to divergent agroecological pathways, each demanding distinct strategies for
sustainable land management [7]. Ferralitic soils, enriched in sesquioxides and kaolinite clays,
are chemically constrained—they exhibit low CEC, poor nutrient retention, and intense
phosphorus fixation, all of which limit their agricultural potential [13, 27, 64]. By contrast,

coastal sedimentary sands, though structurally fragile, remain more pedogenically dynamic and
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responsive to well-targeted interventions, making them more amenable to sustainable
intensification [15,65,66].

As for land-use planning, these findings carry critical implications for resource allocation,
restoration priorities, and climate-smart agriculture in humid tropical systems. In ferralitic
soils, fertility restoration must begin with acid amelioration (liming) to improve nutrient
availability, coupled with site-specific phosphorus supplementation and organic carbon
enhancement through agroforestry, mulching, or legume-based rotations. Without such
targeted efforts, these soils are unlikely to support long-term productivity under conventional

cropping systems.

In coastal sand zones, the moderate inherent fertility, greater porosity, and higher management
responsiveness offer a strategic entry point for sustainable agricultural intensification.
Approaches that combine nutrient inputs with water conservation techniques can enhance

productivity while mitigating risks of nutrient leaching and structural decline.

The divergent biogeochemical constraints and opportunities presented by these soils call for a
lithologically informed, precision-based approach to soil governance—one that recognizes the
legacy of Earth surface processes while designing future-facing agricultural systems adapted

to local realities.

4.6 Pedoclimatic constraints and soil governance in humid tropical Central Africa

The intense equatorial rainfall [67,68], lithological heterogeneity [69], complex vegetation
mosaics [70], and inherently fragile tropical soils [71] make Central Africa a key degradation
hotspot within the Congo Basin’s dynamic geosphere—biosphere interface. This biophysical
fragility is increased by unsustainable land-use trajectories, notably slash-and-burn cultivation,
abbreviated fallow periods, and unregulated deforestation—all of which disrupt soil—
vegetation feedbacks, destabilize aggregate structure, and impair pedogenetic function [72].

The impacts are acute in landscapes where human disturbance has already reshaped forest
architecture and floristic composition, resulting in declining aboveground biomass inputs,
accelerated nutrient loss, and functional degradation of soil biota and structure [73]. These
coupled anthropogenic—pedoclimatic pressures require geologically informed and spatially
differentiated soil governance frameworks, capable of maintaining ecosystem services and

enhancing resilience across humid tropical regions [74].
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The present findings demonstrate that soil resilience is co-regulated by pedoclimatic context
and land cover dynamics, highlighting the integrated influence of climate, parent material,

and vegetation on soil system stability [75].
Three recommendations can be offered:

i.  Recarbonize soils using organic amendments, cover crops, and agroforestry to improve
structure, biodiversity, and SOM stocks [76];

ii.  Apply lime judiciously to correct soil acidity, improve nutrient availability, and reduce
Al toxicity [76-78];

iii.  Implement Conservation Agriculture: minimal tillage, crop rotation, and residue

management to reduce physical and chemical degradation [78].

These actions fall within broader land governance frameworks integrating soil health and
national climate strategies [7,9], such as the Congo Basin’s Nationally Determined
Contributions (NDCs) under the Paris Agreement. Technical solutions to local systems and
socio-economic realities need participatory monitoring systems and farmer-led soil
management initiatives.  Geological, pedological, and ecological data enhance our
understanding of soil system evolution in humid tropical Africa. Our study provides a
geoscientific foundation for sustainable land-use planning in nutrient-poor yet biodiversity-
rich landscapes such as the Congo Basin. The study seeks to model Earth surface processes,

support agroecological resilience, and inform policy.

5. Strengths and limitations of the study

A central strength of this work is its juxtaposition of two geopedologically contrasting systems
within the humid tropics of Central Africa: the highly weathered ferralitic soils of the Chaillu
Massif and the quartz-rich coastal sedimentary sands of the Atlantic basin. This approach
describes a natural experiment in which lithological heritage and pedoclimatic context can be
distinguished in regard to soil fertility, structural stability, and degradation. By integrating
physical, chemical, and functional soil metrics—including composite indices such as SDR, Vp,
and CRI—the study is a multidimensional view of soil system performance and resilience. The
use of high-resolution vertical profiling, with replicated samples across depth intervals, further
strengthens the analysis by revealing depth-dependent patterns in nutrient distribution, acidity

buffering, and structural stability that are critical for sustainable management interventions.
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The process-based interpretation frames observed differences not merely as site-specific
attributes but as expressions of deep-time geological inheritance interacting with contemporary
climatic forcing. Accordingly, the findings are transferable to broader questions of Earth
surface process modelling, agroecological planning, and land-use governance in other
lithologically diverse tropical landscapes. The direct policy relevance of the results—
particularly their applicability to climate-smart agriculture, national soil restoration strategies,

and biodiversity conservation in the Congo Basin—underscores the value of such an approach.

Nonetheless, there are limitations. The temporal scope of the study is two discrete sampling
campaigns within a single climatic year. Although mineralogical interpretations are grounded
in geological mapping and prior regional studies, the absence of direct mineral phase analyses
(e.g., X-ray diffraction or spectroscopic techniques) restricts the precision with which
sesquioxide dominance, clay mineral assemblages, and phosphorus-binding phases can be
quantified. Furthermore, the land-use context examined—predominantly secondary forest—
does not encompass the full range of agricultural or degraded states in which these soils

function, limiting the generalizability of the management recommendations.

Methodologically, the reliance on Olsen extraction for available phosphorus under strongly
acidic conditions introduces the risk of overestimating plant-available P in ferralitic soils, given
the known fixation effects of Fe and Al sesquioxides. Finally, although the two sites capture a
sharp litho-climatic contrast, they do not represent the entire pedological spectrum of Gabon
or the Congo Basin; extrapolating the findings to other geopedological zones requires
additional site-specific validation.

By recognizing these limitations as well as the strengths, the work maintains both scientific
rigour and transparency, providing a robust framework for future research aimed at refining

lithology-informed soil governance in the humid tropics.

6. Conclusion

This study reveals that the fertility and degradation of tropical soils in humid Gabon are not
merely products of climate or land use alone, but are fundamentally affected by the deep-time
imprint of lithological inheritance and its interaction with pedoclimatic regimes. Through a
comparative analysis of two contrasting geopedological systems—the quartz-rich coastal

sedimentary sands at Kango and the highly weathered ferralitic soils over crystalline basement
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at Koula-Moutou—we demonstrate that soil mineralogy, particle-size distribution, and acidity
buffering capacity are key regulators of nutrient availability, structural stability, and resilience

to degradation.

Ferralitic soils, shaped by prolonged weathering of Archean granito-gneissic substrates, exhibit
severe chemical constraints, including extreme acidity, very low cation exchange capacity, and
strong phosphorus fixation driven by sesquioxide dominance. These properties reinforce their
low intrinsic fertility and limited responsiveness to conventional inputs, but also confer a

certain structural stability that tempers their vulnerability under low-input systems.

By contrast, coastal sedimentary sands—derived from younger, less weathered sedimentary
formations—are more chemically responsive, with moderate organic carbon content, higher
base saturation, and greater nutrient mobility. Yet, their fragile structure and reduced water-
holding capacity render them highly susceptible to nutrient leaching and degradation,

particularly under intensified or poorly managed land use.

These findings validate our central hypothesis: that geologically inherited mineral and
structural properties are the main drivers of soil fertility outcomes and degradation
susceptibility in tropical environments. The divergent degradation indices—with higher
degradation but lower vulnerability in ferralitic soils, and lower degradation but higher
vulnerability in coastal sands—highlight the need for geologically contextualised soil

governance.

More broadly, this work underscores the critical role of parent material in shaping Earth
surface processes, including nutrient cycling, carbon sequestration, and soil structural
evolution. It advances our understanding of how tropical landscapes function—and fail-—under
anthropogenic pressure, with direct implications for land-use policy, climate adaptation, and

sustainable development.

In future, soil management strategies in Gabon and across the Congo Basin must transition
from generic interventions to lithology-informed and site-specific frameworks. In ferralitic
zones, restoration efforts should prioritize soil recarbonization (e.g. through agroforestry or
legume rotations), pH correction via liming, and strategic phosphorus amendments adapted to
high fixation environments. For coastal sandy systems, the focus should shift toward integrated

nutrient and water management, alongside erosion control and organic matter stabilization.
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These recommendations, if they are accepted for national land-use planning and climate
adaptation strategies, can ensure that soil stewardship aligns with agroecological resilience,
biodiversity conservation, and regional sustainability goals. In the context of accelerating
climate change, it is clear that strengthening soil system resilience will require strategies that
address both the inherited geological constraints and the evolving pedoclimatic pressures
shaping tropical landscapes. Soil management strategies in Gabon and across the Congo Basin
must transition from generic to integrated, lithology-informed frameworks that combine
adaptive nutrient management, organic matter restoration, and structural conservation

measures for each soil system’s vulnerabilities and strengths.
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Supplementary Table 1. Mean soil physical properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Supplementary material

Soil types n Depth (cm) Clay (%) Sand (%) Silt (%) Silt/Clay Texture Bd (g/cm) ISS (%) WC (%) AP (%) TP (%)
Coastal 0-10 8.09+6.27¢ 59.04+11.70* 32.86+9.32® 578+ 3.35? Sandy loam 143+£0.01* 14.62+7.82% 2598+431% 19.97+450° 45.95+0.48°
sedimentary 21 10-20 13.90 £7.96% 49.33+8.70* 36.76 +9.53%° 4.23+3.73? Loam 1.44+£0.01%  7.27£3.32*  22.60+3.65% 22.96+3.61* 4555+ 0.56%
sands 20-30 2057 +7.82 4810+ 10.51> 31.33+9.84%° 1.84+1.15° Loam 1.45+0.02® 528+195° 2257+357% 22.75+3.18% 45.32+0.86%®
0-10 19.67 £9.39" 66.89 +10.87° 13.44 +5.81> 0.98+0.83" Sandy loam 1.46 £0.04° 2415+ 16.07% 24.93+6.72®8 19.94+6.78° 44.86 + 1.39°
Ferralitic soils 18 10-20 27.11+951% 61.44+897° 11.44+522° 0.68+0.8® Sandyclay loam 1.49+0.03° 13.00+7.39* 21.90+4.22% 21.71+4.22*% 43.61+1.07°
20-30 31.89+864% 5756+85° 10.56+4.38" 0.40+0.29° Sandyclayloam 1.49+0.02° 6.56+3.96" 19.79+356® 2391+357° 43.71+0.76°

n: Number or samples ; Bd: Bulk density ; ISS : Soil aggregate stability index ; WC : Water content ; AP : Air porosity ; TP : Total porosity. Subscript letters following the
data denote statistical similarities and differences among groups. Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent

statistically significant differences in mean values, as determined by Tukey’s multiple comparison test at the 5% significance level.

Supplementary Table 2. Mean soil chemical properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n Depth (cm) pH SOM (%) SOC (%) TN (%) CIN NO3 (ppm) NH; (ppm)
Coastal 0-10 475+033%  538+171° 3.12 + 1.00° 029+0.10®°  11.24+266%  16.60+7.70°  37.84 + 18.65°
sedimentary 21 10-20 456 +£0.21° 3.51+ 1.06" 2.03 +0.62" 0.23 +0.06"° 8.95 + 1.80° 16.06 £ 6.192 30.21 +9.02%®
sands 20-30 452 £0.202 2.63 +0.76° 1.53 £0.44° 0.21+ 0.07% 7.82 +1.94° 15.72 + 6.38? 29.87 + 9.95%®
0-10 3.63+0.52° 6.65 + 1.51¢ 3.86 +0.87¢ 0.35+0.13? 11.77 + 2.232 17.94 + 7.35? 40.33 + 23.642
Ferralitic soils 18 10-20 3.78 £ 0.46° 4.70 + 1.76% 2.72+1.03% 0.22 + 0.1 12.89 + 3.152 13.97 £ 5.242 28.55 + 10.33%®
20-30 3.86 +£0.33" 2.60 £ 1.02¢ 1.51 £0.60° 0.14 + 0.06¢ 11.57 £ 2.902 11.90 + 5.562 22.34 + 6.00°

n : Number or samples ; SOM: Soil organic matter ; TN : Total nitrogen ; C/N : Carbon-to-nitrogen ratio ; NO3 : Nitrate ; NH; : Ammonium. Subscript letters following the
data denote statistical similarities and differences among groups. Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent

statistically significant differences in mean values, as determined by Tukey’s multiple comparison test at the 5% significance level.
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Supplementary Table 3. Mean soil fertility properties of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n  Depth(cm) av.P (ppm) Ca®" (cmol/kg)  Mg?* (cmol/kg) K*(cmol/kg) Na* (cmol/kg) CEC(cmol/kg)  SBE (cmol/kg)
Coastal 0-10 6.27 + 3.08% 5.62 £ 3.482 1.82 +0.88? 0.37 £0.152 0.09 £ 0.062 18.12 £ 6.282 7.91+4.172
sedimentary 21 10-20 4.66 £ 1.80% 3.23+1.17° 1.24+0.53° 0.29 +0.08° 0.06 + 0.04% 15.77 + 4.20% 4.82 +1.55°
sands 20-30 3.31£1.38° 2.55 +1.02° 0.95 + 0.55° 0.29 +0.09° 0.05 + 0.04% 16.31 + 4.58%® 5.17 + 6.64%
- 0-10 11.87 + 4.66¢ 0.92 £ 0.53° 0.40 £0.32° 0.18 £0.07° 0.05 + 0.05% 12.57 + 5,38 1.54 +0.84°¢
Ferellic 18 1020  7.60£289°  060£036°  021+014  010£005¢ 004%004> 8353009  0.95%050°
20-30 5.11+0.93% 0.43 £ 0.52° 0.12 £0.08° 0.06 +0.03¢ 0.03 +0.04° 5.34 + 2.00¢ 0.65 + 0.61°

n : Number or samples ; av.P : Available phosphorus; Ca?*: Exchangeable calcium; Mg?* : Exchangeable magnesium; K* : Exchangeable potassium; Na* : Exchangeable
sodium; CEC: Cationic exchangeable capacity; SBE : Sum exchangeable bases. Subscript letters following the data denote statistical similarities and differences among groups.
Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent statistically significant differences in mean values, as determined
by Tukey’s multiple comparison test at the 5% significance level.

Supplementary Table 4. Mean soil fertility proxies of studied soil types: Coastal sedimentary sands (Kango site) and Ferralitic soils (Koula-Moutou site)

Soil types n Depth (cm) BS (%) Ca* :Mg? Mg?* :K*
Coastal sedimentary 0-10 43.66 + 14.322 3.16 +1.132 487 +1.62°
sands 21 10-20 31.55 +10.03% 298 +1.772 4,32 +1.49°
20-30 32.00 * 38.95% 3.01+1.172 2.97 +1.34°
0-10 15.91 + 14.00" 265+1.112 2.22 +1.40°
Ferralitic soils 18 10-20 13.17 £ 9.07° 3.20£1.292 2.04 +0.95°
20-30 14.02 + 12.88 3.10+1.312 2.00+1.17°

n: Number or samples ; BS : Base saturation; Ca**/Mg?" : Calcium-to-Magnesium ratio; Mg?*/K* : Magnesium —to-Potassium ratio. Subscript letters following the data denote
statistical similarities and differences among groups. Identical letters indicate that the compared groups are not significantly different. Distinct subscripts represent statistically

significant differences in mean values, as determined by Tukey’s multiple comparison test at the 5% significance level.
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