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ARTICLE INFO ABSTRACT
Keywords: Foumbot in Cameroon is renowned for its fertile soils, which serves as a food basket for the region. However,
Climate gradient these soils are currently under threat due to climate change and overutilization. As such, there is a need to better

Soil morphology
Soil mineralogy
Soil classification
Soil toposequence

understand their properties, variability and identify the degradation risks to improve their management and
conservation. To address this gap, soil profiles formed under volcanic deposits were sampled at three distinct
altitudes: 1156 m (highland), 1075 m (middle land), and 974 m (lowland), representing tropical highland,
transitioning tropical highland, and tropical forest climates, respectively. Physical and chemical analyses, X-ray
diffraction (XRD) and Fourier-Transform Infrared (FTIR) techniques, were conducted to determine the variability
of soil morphology, physical and chemical properties, and mineralogy as well as soil classification under cli-
motoposequence. The findings reveal that pedon 1 in the highland was dark in colors (2.5Y and 10YR), slightly
acidic to neutral and exhibited the highest organic carbon content (6.8 %) in the surface horizon. In contrast, the
middle land, showed a slightly acidic profile (pedon 2) characterized by a darker surface horizon (10YR) with a
yellowish subsoil (7.5YR) and lower organic content (4.1 %) in surface horizon compared to pedon 1. Finally, the
lowland profile (pedon 3), displayed more acidic conditions and the lowest soil organic carbon content (2.5 %) in
surface horizon compared to pedon 1 and pedon 2. A trend of decreasing Alo + 'sFeo and Alp/Alo alongside
increasing clay content was observed with decreasing altitude. Mineralogical analysis revealed a transition from
short-range ordered minerals (allophane and ferrihydrite) in highland soils to poor crystalline kaolinite domi-
nance in the middle land and well crystalline kaolinite in lowland. Additionally, bulk density increased with
decreasing altitude. According to the WRB classification, Pedon 1 was classified as Mollic Vytric Silandic
Andosol (Loamic, Eutrosilic, Humic), Pedon 2 as Dystric Xanthic Andic Ferralsol (Clayic, Humic), and Pedon 3
as Umbric Rhodic Ferralsol (Clayic, Humic). Andosol was identified as black soil and presents greater potential
for agricultural productivity compared to the two other pedons. Since andosols are situated at the top of the hill,
possess structural weaknesses (granular structure), and are subjected to intensive cultivation, they pose a higher
potential risk of degradation when farming is practiced compared to the other two pedons. This study highlights
the significant influence of pedogenetic factors on the soil properties and mineral composition and reveals the
urgent need of adopting new soils sustainable management strategies to protect black soils in the Foumbot region
of Cameroon.
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1. Introduction

Soil is a fundamental resource for sustaining life on Earth. It acts as a
habitat for diverse organisms and provides essential ecosystem services
such as nutrient cycling, carbon storage, climate regulation and global
food security (Daily et al., 1997; Ehrlich et al., 1993).

Pedogenesis leads to the development of soils with a wide variation
in properties along soil sequences (Candra et al., 2023; Rezaei et al.,
2015). The distribution of soil properties often depends on the natural
factors involved in soil formation. Increasing numbers of studies were
conducted to determine the key natural factors driving the diversity of
soil properties on the various landscape (Miller et al., 1988; Tematio
et al., 2009). Among them, topography had been pointed as one of the
key natural factors controlling soil formation processes. Elevation, slope,
and aspect are the main topography elements that can contribute to the
development of soils (Huang and Li, 2024; Geoffry Milne, 1935). For
instance, the study of Rezaei et al. (2015) revealed significant effect of
slope positions on thickness of the soil profile and solum, clay, organic
carbon and total nitrogen percentages and cation exchange capacity.
Similarly, Hailemariam et al. (2023) found a significant positive corre-
lation between elevation and soil organic carbon (SOC), soil organic
matter (SOM), total nitrogen (TN), cation exchange capacity (CEC), and
exchangeable Mg?*; they increase as elevation increases. Topography
may also indirectly influence the soil’s properties. Indeed, topography
features affect runoff, drainage and soil erosion, which in turn drive the
soil property variation and consequently control soil formation under a
hill slope (Anwar, 2014; Dessalegn et al., 2014).

Climate gradients have also an influence on soil formation processes.
Different climate gradients can lead to various soil properties. For
instance, the studies of Candra et al. (2023) on the volcanic slopes
identified a varied soil types with different mineralogy in the pro-
nounced altitudinal zonation from arid lowlands to humid highlands
across the slopes, highlighting the climate variation as one of the pri-
mary drivers of mineralogical and pedogenic changes. Weathering of
parent materials, which are central to the formation of soil profiles and
nutrient availability, are highly influenced by various climatic factors
(air temperature, water balance, and annual precipitation) which dictate
their intensity and direction, as well as chemical and biological reactions
that occur in soils (Lesovaya et al., 2012; Rubini¢ et al., 2015). Similarly,
the study of Tsai et al. (2010) demonstrated the strong influence of
climate on pedogenesis in subtropical volcanic landscapes.

Time is also a critical factor affecting pedogenesis in nature. Soil
morphological and physicochemical properties were reported to be
influenced by age (Stevens and Walker, 1970). For instance, Nayak et al.
(1999) reported that among the different morphological properties, the
soil color clearly brought out the differences in soil development with
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age. Numerous natural soil chronosequence have been analyzed to
demonstrate the changes in soil properties over time as well as the rates
and patterns of soil formation processes (e.g., Bernasconi et al., 2011;
Crews et al., 1995; He et al., 2008).

Vegetation plays an active and critical role in the formation of soils.
The type of vegetation present has a notable influence on parameters
such as the physical properties of surface soil, the chemical properties
such as pH parameter, and the degree of leaching or accumulation of
base cations (Hailemariam et al., 2023; Hartemink and Barrow, 2023),
the quantity and nature of soil organic matter (Bojko and Kabala, 2016;
Ghani et al., 2023; Joshi and Garkoti, 2023), and biological activity
(Gutiérrez-Giron et al., 2015; Molina et al., 2024; Wang et al., 2024).

Foumbot is part of the Noun Plain belonging to the Volcanic Line of
Cameroon. This plane rises to an average altitude of 1100 m above sea
level. As elevation increases, soil development tends to be slower
because of the variation of climate and thinner vegetation cover. In
Foumbot, soils are considered fertile mainly because they have been
formed from the weathering and decomposition of volcanic rocks, which
provide minerals and nutrients that support plant growth (Tchokona
Seuwi, 2010; Wandji et al., 2000). Some of these soils present a very
thick and dark surface horizons (> 25 cm) with a soil organic content
>0.6 %, which fit the definition of tropical black soils as developed by
the INBS/ITPS-FAO (FAO, 2019). In the global landscape of food secu-
rity and climate crisis, black soils emerge as a key solution for mitigating
climate change and enhancing agricultural productivity. These soils are
critically important due to their high soil organic carbon (SOC)
sequestration potential, storing 8.2 % of the world’s SOC stock
(Krasilnikov et al., 2022). Despite their strategic importance, black soils
in Sub-Saharan Africa remain severely under-studied. The latest United
Nations report on the worldwide condition of black soils highlights the
lack of data and understanding of black soils properties and manage-
ment strategies in Africa (Krasilnikov et al., 2022). This scientific gap
limits our understanding of degradation processes and restricts aware-
ness among farmers, extension agents, and policymakers. It also un-
dermines efforts to design targeted and evidence-based conservation
policies (Montanarella et al., 2021). Many studies were reported on soils
from Foumbot. Some studies were focused on the soil erodibility in the
area (Fokeng et al., 2020; Ngandeu-Mboyo et al., 2016; Olivier et al.,
2023), others in agronomic suitability and fertility aspects (Kunghe
etal., 2023; Olivier et al., 2023; Tchekambou et al., 2014) or mineralogy
and geochemistry of clay deposits (Mefire et al., 2018). However, the
variation of soils properties across the landscape of Foumbot remains
unclear, given that the soils properties across the slope exhibit a notable
degree of variability as the soil-forming factors can vary considerably
over short distances (Sisay et al., 2024) Moreover, research on the
properties of black soils in this region are still underdeveloped.

Localization of the research zone
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Fig. 1. Localization (A) and geomorphology (B) of the study area; P1= Pedon 1; P2 = Pedon 2; P3= Pedon 3
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Table 1
Basic characteristics of the study area.
Soil types Depth Localization Elevation (m Vegetation Climate Land use
(cm) asl)
Pedon 1 150 N05°32'07.7" 1156 Banana, cassava, fern plants, trees. Tropical Highland Polyculture,
E010°40'03.8” crop rotation,
150 N05°28'45.9" 1075 Maize, cassava, okra, banana plants, oil palm, Transitioning Tropical Slash/burn,
Pedon 2 E010°37'51.4” trees. Highland crop rotation,
polyculture
150 N 05°22/53.3" 974 Tomato, maize, and cassava plants, oil palm, and Tropical Rainforest Fallow, slash/burn,
Pedon 3 E010°39'18.8” trees. crop rotation,
polyculture,
agroforestry

Therefore, the aim of this study is to analyze the distribution of the soil
properties (morphology, physical, chemical and mineralogical proper-
ties) of black soils and other soil types and classify soil Pedon along the
climotoposequence in Foumbot. Moreover, the study will identify the
higher potential risk of soil degradation in the study area. The under-
standing of the distribution of soil properties across elevations is crucial
for identifying areas with higher potential of soil degradations,
designing appropriate land use, and managing soil resources sustainably
(Marta et al., 2023; Rogora et al., 2018).

2. Material and methods
2.1. Environmental features

The Foumbot region is part of the Noun Plain, belonging to the
Cameroon Volcanic Line (CVL) and covers an area of 800 km? (Bidias
et al., 2023; Ziem a Bidias et al., 2020). Geographically, Foumbot is in
the western part of Cameroon, Central Africa, approximately 150 km
northwest of the capital city, Yaoundé (Fig.1b). The region is charac-
terized by a diverse climate influenced by its altitude, topography, and
proximity to various geographical features. Therefore, as altitude in-
creases, there is a noticeable decrease in temperature and variations in
precipitation patterns. The Pedon1 profile (P1) was formed at 1156 m of
altitude, the Pedon 2 (P2) at 1075 m of altitude, and the Pedon 3 (P3) at
974 m above sea level (Fig. 1).

According to the Koppen climate classification system, in the altitude
bellow 975 m (lowland), the climate is classified as tropical rainforest,
typically warmer, with average temperatures of 27 °C, receiving sig-
nificant rainfall, particularly during the rainy season (April to October),
averaging at 2000 mm annually.

At the altitude of 1075 m (middle land), the climate is transitioning
towards tropical highlands due to the elevation effect which results in
cooler temperatures than at 975 m altitude, with average temperatures
of 20 °C and precipitation like that of 975 m altitude with total annual
rainfall still high.

At the 1156 m altitude (highland), the climate is strongly classified as
tropical highland with average temperature of 15 °C which varied
greatly throughout the year, with a clearer dry season, and the average
annual rainfall of 2500 mm.

The primary vegetation in the study area before transforming into
agricultural land was savanna vegetation in lowland including grasses
and sporadic tree species adapted to the drier components of the climate;
grasslands in middle land are dominated by various grass species,
particularly when the area experiences lower moisture levels, and for-
ests vegetation in highland. The geology of the area revealed the Mbépit
Massif, recognized as one of the oldest volcanoes along the Cameroon
Volcanic Line, emerged during the Eocene epoch, with 40 K/40Ar dating
indicating ages of approximately 45.5 and 44.0 million years. This
massif primarily consists of rhyolitic domes and substantial flows of
thick, viscous lava (Wandji et al., 2000, 2008).

2.2. Study sites and soil sampling

Three sampling sites were selected in the Foumbot region, spanning
across different climatic gradient and elevation from the Northern to
Southern areas. These sites, namely Kouondja
(N05°32'07.7"E010°40'03.8"), Mbantou (N05°28'45.9'E010°37'51.4"),
and Fossang (N05°22'53.3"E010°39'18.8"), represent tropical highland,
transitioning tropical highland, and tropical rainforest climate zones,
respectively.

Vegetation on the selected sites is reported in Table 1. Soil profiles
with three replicates were excavated at each of the three study sites (n =
3). The parent material of soil in study areas consists of volcanic de-
posits, given their locations near the Mbépit Massif and other volcanic
formations of the Cameroon Volcanic Line.

The representative soil profiles from Kouondja, Mbantou, and Fos-
sang were named as Pedonl (P1), Pedon 2 (P2), and Pedon 3 (P3),
respectively. Each soil profile was excavated to a depth of 1.5 m and
different soil horizons have been identified and carefully described in
detail according to the WRB soil classification system (IUSS Working
Group WRB, 2022) to obtain the morphological properties and soil
types. Samples of the different soil’s profiles were collected and air-dried
before being gently crushed using a wooden rolling pin and passed
through a 2-mm sieve to remove coarse fractions prior to further
analysis.

2.3. Laboratory analyses

Soil pH was measured using the 1:2.5 soil-to-water ratio method. Soil
organic carbon (SOC) was determined using the wet oxidation method
(Walkley and Black, 1934) and the soil organic matter (SOM) was
calculated by multiplying the organic carbon content by the van Bem-
melen conversion factor of 1.724. This approach to determine SOC was
successively used previously in the literature (Liu et al., 2024; Salazar
et al., 2024). The total Nitrogen was determined by the digestion with
H3S04 using the Kjeldahl method(Jones Jr, 1991). Available phosphorus
(P) was determined by Bray II methods (Sims, 2000). The ammonium
acetate (1 M and pH 7.0) method was used to determine cation-
exchange capacity (CEC) (Metson, 1957). Particle size distribution was
determined by Robinson pipette method (Klute, 1986). The bulk density
was determined following the Blake Undisturbed Core Method (Blake,
1965). The carbon stocks were calculated in this study according to the
method described by Batjes (1996). The values of SOC for each soil type
were multiplied by the bulk density and the standard depths.

C —stock = C x BD x Depth

C-stock is measured in kg.ha ~!; C is measured in %; BD is measured
in g/cm®; Depth is measured in cm. This approach was successfully used
in previous works (i.e. Dinca et al., 2015; Huang et al., 2024).

Selective extractions were performed to isolate the Al and Fe-bearing
phases present in the soil samples. The citrate bicarbonate-dithionite
mixture (CBD) method was used for the extraction of total free iron
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Table 2
Profile descriptions of studied soils.
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Soil types Layers Depth (cm) Color Structure Texture Porosity Rooting pattern
A 0-30 2.5Y,3/1 Fine granular Loam High
Bw 30-70 2.5Y,3/2 Sub-granular Sandy Loam Moderate
C 70-100 10YR,4/2 Granular Sandy Loam Moderate Deep
Pedon 1 AC 100-120 10YR,3/1 Granular Loam High
2Bw 120-150 10YR,3/1 massive Loam High
A 0-20 10YR,3/2 Fine granular Clay Loam Moderate
AB 20-80 7.5YR,5/6 Angular Blocky Clay Loam Moderate
Pedon 2 Bl 80-100 7.5YR,4/6 Angular Blocky Clay Low Shallow and dense
B2 100-150 2.5YR,5/8 massive clay Low
A 0-10 2.5YR,4/4 Thin granular Clay Low
Pedon 3 AB 10-30 2.5YR,4/6 Massive clay Low Shallow and dense
B 30-140 2.5YR,5/8 Massive Clay Low

.
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Fig. 2. Morphology of various profiles of pedons along the toposequence. P1=Pedon 1; P2=Pedon 2; P3=Pedon

(Fed) and aluminium (Ald) oxides (Mehra and Jackson, 1960). Mean-
while, the ammonium oxalate solution was employed for the oxalate
extractable forms of Fe (Feo) and Al (Alo) oxides (McKeague and Day,
1966). Finally, the sodium pyrophosphate solution was used to extract
amorphous organic forms of Fe (Fep) and Al (Alp) oxides (McKeague,
1967).

The Alo and Feo extracted through the ammonium oxalate method
come from short-range-order (SRO) minerals such as allophane and
imogolite, as well as organically bound Al/Fe. Alo and Feo are consid-
ered the active fractions of Al and Fe respectively, which is used as a
criterion for andic soil properties. Al and Fe extracted through the py-
rophosphate method (Alp and Fep) are typically associated with organic
matter to form organo-metallic complex. We assume that (Alo — Alp)
and (Feo — Fep) are mainly derived from SRO minerals. The free Fe
(hydr)oxides, including crystalline and SRO phases, as well as organi-
cally bound Fe, are extracted by the dithionite-citrate method
(Watanabe et al., 2023). However, due to the limited selectivity of the
methods used, there may be some uncertainty in interpreting the
extracted Al/Fe fractions (e.g., Alp and Fep may include small particles
of Al/Fe (hydr) oxides that are not bound to organic matter)(Van Ranst
et al., 2019; Watanabe et al., 2023). The percentage of ferrihydrite is

calculated using the formula: Ferrihydrite (%) = 1.7 x Feo (Childs et al.,
1986; Enang et al., 2019). Similarly, the percentage of allophane is
determined by the equation: Allophane (%) = 7.1 x Si, (Poulenard and
Herbillon, 2000).

The clay minerals composition was determined by the conventional
X-ray diffraction (D8 Advance, Bruker, Rheinstetten, Germany) using
CuKa radiation (A = 1.5418 A) generated at 40 kV and 40 mA. The
powder analysis was used to determine the mineral composition in the
bulk soils and the oriented analysis to determine the mineralogy in the
clay fraction. Prior to XRD analysis of minerals in clay fraction, an
aliquot of the clay sample was treated with Mgcl2 and glycerol solvation
(Mg-gly) and a second Aliquot was treated with potassium (K) and
subjected to XRD analysis after heating at 25, 350 and 550 °C (Jackson,
1973). For the powder samples of bulk soils, the XRD spectra were
recorded in a continuous mode from 29 = 3° to 85° with 0.01° steps at a
scanning rate of 2° min~'. The identification of clay minerals and the
estimations of their semi-quantitative proportions were performed as
reported previous studies (Ndzana et al., 2019).The XRD spectra were
analyzed using the MDI Jade 6 and Origin 2018 software.
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3. Results
3.1. Soil morphology

The color of the P1 profile was predominantly dark gray, apart from
the Bw horizon with gray hue, and the C horizon with a light brown hue.
Interestingly, this dark color was also observed in the surface horizon (A
horizon) of the Pedon 2 profile, whereas the underlying horizons (AB, B1
and B2) had a strong brown color. In contrast, the Pedon 3 had a reddish

color throughout its profile (Table 2 and Fig. 2). Pedon 1 exhibited
granular structures throughout its depth, except in the 2Bw horizon,
while Pedon 2 had a granular surface and blocky subsurface horizons,
and Pedon 3 was characterized by a granular surface with massive
subsurface horizons. The texture of the Pedon 1 is loamy and varied from
sandy to clay loamy as we shifted from Bw and C horizons to AC and 2Bw
horizons. Pedon 2 exhibited a clayic texture in most of the soil profile,
with the exception being for the A and AB horizons, which had a clay
loam texture. The Pedon 3 typically maintained a consistent clay texture

Table 3
Physico-chemical properties of the investigated soils.
Soil types Layers Depth pH SOC N C/N AP Echangeable Cations BS CEC Sand Silt Clay
(cm) (%) (mg/kg) K" Na™ Ca®* Mg>*+ (%) (%)
(Cmol.kg’lsoil) (Cmol.kg’lsoil)
A 0-30 6.0 6.8 0.2 34.0 15.2 1.0 0.0 4.3 2.4 61.0 12.8 43.3 325 24.5
Bw 30-70 6.7 1.1 0.1 11.0 9.4 0.6 0.0 4.5 2.9 59.9 13.3 54.0 31.8 14.3
C 70-100 6.7 0.8 0.1 8.0 7.8 0.5 0.0 3.5 2.6 58.4 11.4 55.0 325 12.5
AC 100-130 6.8 1.6 0.1 16.0 10.0 0.7 0.0 2.6 1.4 56.6 11.3 44.3 41.0 14.8
Pedon 1 2Bw 130-150 6.9 3.5 0.1 35.0 6.7 1.0 0.0 4.8 3.0 53.6 16.5 42.8 44.3 13.0
A 0-20 4.9 4.1 0.1 41.0 12.6 0.4 0.0 4.4 1.2 21.3 10.5 57.0 19.3 23.8
AB 20-80 5.0 2.4 0.1 24.0 19.1 0.3 0.0 1.9 0.2 20.8 11.6 33.0 30.0 37.5
Bl 80-100 5.1 2.7 0.1 27.0 8.4 0.3 0.0 4.8 1.6 25.1 135 335 19.3 47.3
Pedon 2 B2 100-150 5.9 1.7 0.1 17.0 6.6 0.3 0.0 3.5 1.0 20.5 9.6 28.3 24.0 47.8
A 0-10 4.1 2.5 0.1 25.0 6.0 1.0 0.0 3.0 1.0 229 11.5 23.8 35.0 41.3
AB 10-30 4.3 1.8 0.1 18.0 4.8 0.4 0.0 1.2 1.0 28.2 9.3 10.3 335 56.3
Pedon 3 B 30-150 5.2 1.6 0.1 16.0 4.6 0.4 0.0 2.6 1.6 24.6 13.2 8.3 24.5 67.3

L = Layer; SOC = Soil organic carbon; N = Nitrogen; C/N = carbon to Nitrogen ratio; AP = Available Phosphorus; BS = Base Saturation; CEC = Cation Exchange

Capacity.
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Table 4
Distribution of soil mineralogy in studied soils.
Soil type Layers BD Cstock Fed Ald Feo Alo Fep Alp Alo + 1/ Alo- Feo- Alp/ Feo/ Kaol Go
2Feo Alp Fep Alo Fed
Kg/ha % %

A 0.73 14.89 13.54 2.94 0.94 2.55 0.20 1.93 3.02 0.62 0.74 0.76 0.07 - -

Bw 0.77 3.40 11.10 1.03 0.68 1.88 0.18 1.23 2.22 0.65 0.50 0.66 0.06 - -

Pedon 1 C 0.85 2.04 10.76 1.00 0.46 0.87 0.11 0.70 1.10 0.17 0.35 0.81 0.04 - -

AC 0.79 3.79 11.11 0.65 0.57 0.85 0.09 0.54 1.14 0.31 0.48 0.63 0.05 - -

2Bw 0.78 5.46 12.70 1.30 0.62 2.15 0.10 1.00 2.46 1.15 0.52 0.47 0.05 - -

Total Pedon 1 - - 29.58 - - - - - - - - - - - - -
0.80 6.56 9.71 2.04 0.27 1.92 0.04 0.78 2.06 1.15 0.24 0.40 0.03 76.5 23.6
Pedon 2 AB 0.84 4.03 7.34 0.90 0.11 0.49 0.01 0.35 0.54 0.14 0.10 0.71 0.01 86.2 13.8
Bl 0.99 5.34 7.68 0.81 0.07 0.45 0.02 0.30 0.48 0.15 0.05 0.67 0.01 83.3 16.7
B2 1.02 8.67 6.71 0.63 0.05 0.37 0.01 0.28 0.39 0.09 0.04 0.77 0.01 68.4 31.6

Total Pedon 2 - - 24.6 - - - - - - - - - - - - -
1.07 2.68 7.22 1.61 0.23 0.34 0.07 0.00 0.46 0.34 0.16 0.01 0.03 64.1 35.9
Pedon 3 AB 1.10 3.96 6.77 0.62 0.05 0.31 0.01 0.01 0.34 0.31 0.05 0.02 0.01 71.0 28.9
B 1.14 21.88 6.21 0.73 0.02 0.20 0.00 0.00 0.21 0.20 0.02 0.02 0.00 71.3 28.7

Total in Pedon 3 - - 28.52 - - - - - - - - - - - - -

L = Layer; BD = Bulk Density; Fed, Ald = Dithionite-citrate extractable Al and Fe; Fep, Alp = Pyrophosphate extractable Al, Fe; Feo, Alo = Acid oxalate extractable Al,
Fe; Alo -Alp and Feo-Fep are derived predominantly from short-range-order minerals; Feo/Fed is an index of Fe (hydr)oxide activity. Alp/Alo indicates organo-Al

contribution to active Al fraction; Kaol = Kaolinite; Gib = Gibbsite; Go = Goethite; EG = Ethylene Glycol; C-stock = Carbone stock.

throughout the entire soil profile. The porosity varied from high in
Pedon 1 profile to moderate in Pedon profile 2 and low in Pedon 3
profile. The rooting patterns shifted from deep in the Pedon 1 profile to
shallow in the Pedon 2 and Pedon 3. There was no evidence of water
stagnation in any of the soils investigated (Fig. 2).

The morphology of Pedon 1 in the highland shows dark (2.5Y and
10YR) multi-sequum horizons due to intermittent tephra deposition,
with granular structures and a loamy texture. In contrast, the
morphology of Pedon 2 exposes distinctive horizons characterized by a
dark (10YR) surface soil and a brown (7.5YR) subsurface soils, showing
an angular to sub-angular blocky structure and clay loam to clay texture.
Additionally, the morphology of Pedon 3 exhibits a distinct horizon with
a brown (2.5YR) color, a dominant massive structure, and clay texture
throughout its profile.

3.2. Basic physical and chemical properties

The Pedon 1 profile was slightly acidic to neutral (6.0-6.9), the
Pedon 2 was slightly acidic (4.9-5.9) and the Pedon 3 was acidic
(4.1-5.2) (Table 2, Fig. 3A). The variation of SOC content ranged be-
tween 0.8 and 6.8 % in P1 profile, 1.7-4.1 % in P2 and 1.6-2.5 % in P3
(Table 3,). The lowest value of SOC was found in the deepest layer and
the highest value of SOC was reported in the surface horizon of all soil
profiles. The nitrogen (N) value was 0.1 % in all soil profiles. The C/N
ratio had the highest value in the surface horizon for Pedon 1 profile
(34.0), Pedon 2 (41.0) and Pedon 3 (25.0) (Table 3). Pedon 1 profile had
the highest available content (AP) (15.2 mg/kg) in horizon A, which
decreased with depth. Similarly, Pedon 2 had the highest AP content
(19.1 mg/kg) in the AB horizon, while B1 and B2 horizon had the lowest
values (8.4 and 6.6 mg/kg, respectively). For the Pedon 3, the surface
horizon had the highest AP content (6.0 mg/kg), which decreased with
depth. In the Pedon 1 profile, calcium (Ca?*) concentrations ranged
from 2.6 to 4.8 cmol.kg-1 soil (lowest in AC horizon, highest in 2Bw),
while Pedon 2 showed 1.9 cmol.kg-1 in the AB horizon and 4.8 cmol.kg-
1 in the B1 horizon, and Pedon 3 had the highest concentration of 3.0
cmol.kg-1 in the surface horizon and the lowest in the AB horizon. The
base saturation (BS) variation was 53.6-61.0 % in Pedon 1, 20.5-21.3 %
in Pedon 2 and 22.9-28.2 % in Pedon 3. These BS values decreased from
Pedon 1 to Pedon 3, with decreasing elevation. The CEC was low in all
the Pedon with the value being less than 20 cmol.kg’lsoil (Table 3). The
content of sand in Pedon decreased gradually with decreasing elevation.
The clay content increased with decreasing elevation (Table 3, Fig. 3C).

3.3. Selective dissolution analysis

Figs. 3 (E and F) presented the data obtained from bulk density (BD)
and selective dissolution analysis. The bulk density varied between 0.73
and 0.85 g/cm® in Pedon 1, 0.80-1.02 g/cm® in Pedon 2 and 1.07-1.14
g/em® in Pedon 3. The findings indicated a decrease in Fed with
increasing soil depth in all soil profiles, except for Pedon 1. With respect
to Fed concentration, Pedon 1 profile recorded the highest values
(10.76-13.54 %), followed by Pedon 2 (6.71-9.71 %), and Pedon 3
(6.21-7.22 %). Similarly, the concentration of Ald showed a similar
trend across all soil profiles, with higher levels observed in Pedon 1
profile (0.65-2.94 %) than in Pedon 2 (0.63-2.04 %) and Pedon 3
(0.62-1.61 %). Notably, the concentration of Ald exceeded 1 % only in A
horizon of Pedon 2 and Pedon 3.

Across all soil profiles, Feo concentrations were less than 1 in all
layers. Meanwhile, Alo concentrations, which were highest in Pedon 1
profile (0.85-2.55 %), declined with increasing soil depth in all soils,
exhibiting lower values in Pedon 2 (0.45-1.92 %) and Pedon 3
(0.20-0.34 %). Similarly, Fep concentrations were below 1 % in all soils.
Regarding Alp, its concentrations were also less than 1 % in all soils
except Pedon 1 profile where the highest concentration (1.93 %) was
observed in A horizon, while the lowest concentration was recorded in
AC horizon (Table 4).

The concentration of Alo + 1/2Feo in Pedon 1 profile exceeded the
minimum required for andic soil properties (2 %) in A, Bw, and 2Bw
horizons, and was less than 2 % in other horizons. Furthermore, this
value decreased with increasing soil depth. In Pedon 2 profile, the Alo +
1/2Feo percentage was approximately 2 % in A horizon, while it was less
than 1 % in all the other horizons. Especially, the concentrations of Alo
+ 1/2Feo were less than 1 % in all the horizons of Pedon 3 (Table 3,
Fig. 3E). The concentrations of Alo — Alp declined with decreasing depth
in all soils and presented a great concentration in Pedon 1 profile
compared to Pedon 2 and Pedon 3. Moving on to Feo-Fep concentra-
tions, it was higher in Pedon 1 profile (0.35-0.74 %) in comparison to
Pedon 2 (0.04-0.24 %) and Pedon 3 (0.02-0.16 %). Particularly, these
concentrations showed a decreasing trend with decreasing soil depth.
The percentage of Alp/Alo ratio was around 1 % in Pedon 1 profile and
Pedon 2 compared to Pedon 3, where these values were less than 0.1 %.
The concentrations of Feo/Fed were less than 0.1 % in all soils (Table 4).

The carbon stock (C-stock) varies significantly across the three
Pedons and their respective horizons (Table 3, Fig. 3F). Pedon 1 exhibits
a high C-stock in the A horizon (14.89 kg/ha) and shows a notable
decrease in the Bw and C horizons (3.40 kg/ha and 2.04 kg/ha,
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Fig. 4. X-ray diffractograms of powder bulk samples from topsoil horizons.
Kaol = Kaolinite; Gib = Gibbsite; Qtrz = Quartz

respectively). The C-stocks in Pedon 2 varied from 6.56 kg/ha in A ho-
rizon to 4.03 kg/ha and 5.35 kg/ha in B1 and B2, respectively. Pedon 3
presents C-stock contents, with 2.68 kg/ha in A horizon, 3.96 kg/ha in
the AB horizon, and 21.88 in B horizon, probably because the B horizon
is deeper than the surface horizon.

3.4. X-ray diffraction and Fourier-transform infrared spectroscopy
analysis

X-ray diffractograms were displayed in Figs. 4 and 5 (Topsoils), and
the clay minerals composition in Table 4 (all the horizons) while the
FTIR spectra were reported in Fig. 6.

Kaolinite and goethite were crystalline minerals while the allophane
and ferrihydrite are the dominant short-range ordered minerals in the
studied soils (Table 4). The presence of kaolinite was identified in the
diffractogram by the reflection peaks at 7.14, 4.45 and 3.58 A, which
disappeared after heating the K-saturated samples at 550 °C (Figs. 4 and
5) (Ndzana et al., 2018). The goethite was identified by the presence of
reflection peaks at 4.16 A (Ahanda et al., 2019). The presence of SRO
was indicated by the absence of reflection peaks on the X-ray dif-
fractogram under conventional XRD analysis and the poor crystallinity
of clay minerals in certain soils (Figs. 4 and 5, Table 5).

In the Pedon 1 profile of this study, kaolinite and goethite were not
observed in the X-ray diffractogram, only short-range ordered minerals
(SRO) such as allophane and ferrihydrite were detected (Figs. 4 and 5).
The distribution of SRO revealed that both allophane and ferrihydrite

concentrations were highest at the surface layers and decreased gradu-
ally with depth. Additionally, the Pedon 1 profile demonstrated a higher
concentration of allophane compared to ferrihydrite (as shown in
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Fig. 5. X-ray diffractograms of oriented clay fraction samples from topsoil
horizons. Treatments: Mg-gly = Mg saturated and ethylene glycol-solvated, K-
550 °C = K-saturated and heated to 550 °C.

Table 4).
In Pedon 2, there was a mixture of crystalline and SRO minerals. The

crystalline minerals were dominated by kaolinite and goethite (Figs. 4
and 5). The concentration of kaolinite varied between 68.4 and 86.2 %,
with the lowest value in the B2 horizon and the highest value in AB
horizon (Table 3). The concentration of goethite varied from 13.8 % to
31.6 %, with the maximum in AB horizon and the maximum in B2 ho-
rizon. The SRO minerals were dominated by allophane (1.9-5.0 %),
follows by ferrihydrite (0.8-1.6 %). These SRO minerals were more
concentrated at the surface layers (Table 4). However, it is important to
note that it was not possible to detect clay minerals in Pedon 1 using the
conventional XRD analysis since most of the clay minerals in this soil are
poor crystalline structure(Ndzana et al., 2019).

The Pedon 3 was dominated by kaolinite (64.1-71.3 %), followed by
goethite (28.7-35.9 %) (Table 4). The kaolinite and goethite declined
with depth.

To evaluate the degree of crystallinity of kaolinite of P2 and P3, the
peak height/area ratio, and their full width at half maximum height of
diffraction peak (FWHM) were calculated. The mineral with lowest Peak
height/Area ratio and highest FWHM presented the poorest crystalline
structure (Burnett, 1995; Ndzana et al., 2022; Zhang et al., 2017). The
properties of kaolinite at the surface horizon of Pedon 2 and Pedon 3
showed a peak height/area ratio of 0.01 and 0.02, respectively while the
full width at half maximum (FWHM) was 0.60 and 0.55 degree,
respectively (Table 6). This indicates that kaolinite in P2 presented the
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Fig. 6. Fourier-Transform Infrared (FTIR) spectra of studied soil samples from
topsoil horizons, with the bands between 4000 and 400 cm™ !.

Table 5
Short-range-order secondary phases in soils with andic properties.

Soil type Layers Si, Allophane Ferrihydrite (Alo-Alp) /Sio
(Cm) (%) (%)
A 0.70 4.97 1.60 0.89
Bw 0.51 3.62 1.16 1.27
Pedon 1 C 0.28 1.99 0.78 0.61
AC 0.31 2.20 0.97 1.00
2Bw 0.55 3.91 1.05 2.09
A 0.63 4.40 0.46 1.84
Pedon 2 AB 0.48 3.41 0.19 0.29
Bl 0.15 1.07 0.12 1.00
B2 0.19 1.35 0.09 0.47
Table 6
Crystalline structure of kaolinite in different Oxisol of the study area.
Soil Clay Peak Area Peak height/ FWHM
types Minerals Height (Count) Area ratio (@)
Pl - - - - -
P2 Kaolinite 95 5139 0.01 0.60
P3 Kaolinite 65 3243 0.02 0.55

FWHM: Full Width at Half Maximum; P1: Pedon 1; P2: Pedon 2; P3: Pedon 3.

poorest crystalline structure compared to kaolinite in P3.
The results of FTIR spectroscopy of surface horizons (bulk soil) were
displayed in Fig.6. In the range 2800-3600 cm’, distinctive bands
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appeared in all soils indicating the O—H stretching. The presence of four
bands (3530, 3620, 3654 and 3698 cm ') between 3500 and 3700 cm ™!
wavenumbers confirmed the existence of kaolinite mineral in both
Pedon 2 and Pedon 3 (Madejova, 2003). These bands corresponded to
structural hydroxyl (-OH) groups, O—H stretching of inner hydroxyl
groups, stretching vibrations of the hydroxyl (-OH) groups and out-of-
plane stretching vibrations of surface hydroxyl groups, respectively
(Candra et al., 2023; Madejova, 2003). Moreover, the fingerprint of
kaolinite bands was also revealed at 912 cm ™! (inner hydroxyl groups),
1008-1030 ¢cm~! (O—H angular deformation and Si—O axial defor-
mation)(Candra et al., 2023; Madejova, 2003; Merlin et al., 2014). The
double bands 1008-1030 cm ™! was also used as indicator of kaolinite in
the Pedon 2 and Pedon 3 (Hong et al., 2018).

4. Discussion
4.1. Morphological features and physical characteristics

The Pedon of this study exhibited significant differences in key
morphological properties of horizons across both varying altitudes and
climate gradient, highlighting the interaction between vertical vari-
ability within the soil profile and distinct soil-forming factors. Color is a
key indicator of many soil properties and contributes to soil classifica-
tion. With decreasing altitude and climate gradient, the colors of the
Pedon profiles exhibit a shift from dark color (2.5Y and 10YR) in Pedon
1 to brown color (7.5 YR) in Pedon 2 and reddish color (2.5YR) in Pedon
3 with the exception being for the surface horizon of Pedon 2, which
retains a dark color (10YR). In this study, the dark color in the surface
horizon of Pedon 1 and Pedon 2 agreed with the previous studies (Khan
and Fenton, 1994; Labaz et al., 2019; Nizeyimana, 1997) and was
attributed to the higher amount of organic matter (Liles et al., 2013).
However, the Bw, and AC horizons had dark colors while the soil organic
carbon content was low compared to other horizons. This darkness could
be attributed to the presence of dark pozzolan (volcanic materials
derived from volcanic activities) granules dispersed throughout the
subsoil horizons of the profile. The natural pozzolan was reported to
have dark brown/blackish color (Dedeloudis et al., 2018). It is important
to note that pozzolan materials can vary in color; they are not limited to
dark hues. Some pozzolans may be light in color (McCarthy and Dyer,
2019), which could influence the overall appearance of the soil profile.
The variation in pozzolan color suggests that while the dark granules
may contribute to the observed darkness in certain horizons, the
intrinsic characteristics of the pozzolan itself must also be considered.
The brown color (7.5 and 2.5 YR) found in Pedon 2 and the red color in
Pedon 3 are very common in tropical soils and were mainly due to the
presence of mineral like goethite and hematite, respectively (Bigham
et al., 1978; Fontes and Carvalho Jr, 2005; Torrent et al., 1983).

The granular structure observed in Pedon 1 was mainly reported in
volcanic ash soils (Hewitt et al., 2021; Shoji et al., 1993). The granular
structure of volcanic soils can be attributed to several interrelated fac-
tors. The mineralogical composition, including amorphous minerals
such as allophane and imogolite, is a key factor in the formation of
granules. These minerals are highly reactive and can create stable ag-
gregates by bonding with other soil particles (Hewitt et al., 2021; Stoops
et al., 2018). The granular structure of the Pedons of this study could be
attributed to the amorphous mineral reported in this study.

One possible explanation for the development of angular blocky
structures in Pedon 2 could be the alternation of drying and wetting
cycles, which can create tensile and shear fractures (cracks) in the soil
(Camacho et al., 2021). These fractures can break up the soil mass into
aggregates, resulting in the blocky structure observed (Horton et al.,
2016).

When comparing the morphology of the three Pedons with
decreasing elevation and climatic gradient, it appeared that the Pedon 1
located at a high altitude with tropical highland climate was charac-
terized by the development of soil horizons with varying degrees of
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weathering, leading to the formation of a multi-sequum profile. At the
intermediate elevation, where the climate transitions from tropical
rainforest to tropical highland, Pedon 2 exhibited a brown soil profile
characterized by a black surface horizon. The profile 2 at the interme-
diate elevation is not common in the tropical soils and was mainly re-
ported in the soils under volcanic materials, highlighting the key role of
volcanic material during the soil formation process, in agreement with
previous studies (Candra et al., 2023; Gavenda, 1989; Simmons, 1990).
In this study, the similarities in mineralogy of the two surface horizons
(Pedon 1 and Pedon 2), confirm the influence of volcanic ash materials
in the black surface horizon formation. Moreover, our study indicated
that Pedon 1, characterized by a deep, dark surface horizon exceeding
25 cm in depth and exhibiting the highest soil organic carbon (SOC)
content, aligns with the characteristics of black soils as documented by
the INBS-ITPS (FAO, 2019).

4.2. Mineralogy and chemical properties of Pedons

With the decreasing altitude and climatic gradient, the Pedons of this
study showed mineralogical and chemical properties marked changes.
For instance, SOC content in surface horizons of Pedon decreased from
6.8 to 2.5 % with decreasing altitude and climatic gradient (Table 3 and
Fig. 3B). This trend of SOC content indicated that the accumulation and
stabilization of SOC occurred in highland compared to lowlands, in
agreement with the studies reported previously (Candra et al., 2023;
Gerzabek et al., 2022; Tsozué et al., 2019). These authors argued that
the stabilization of SOC was due to SRO mineral phases abundance.
Indeed, short-range order (SRO) minerals, such as allophane, imogolite,
and ferrihydrite, play a pivotal role in stabilizing SOC through several
mechanisms. Firstly, SRO minerals have high surface area and reactive
sites, which enhance their ability to adsorb and bind organic molecules
(Chatterjee et al., 2022; Matus et al., 2014). Additionally, their amor-
phous nature allows for the formation of organo-mineral complexes,
where organic carbon is physically and chemically stabilized within the
soil matrix, leading to the protection of SOC from microbial degradation
(Tamrat et al., 2019; Xiao et al., 2016). Additionally, the observed
decrease in soil organic carbon (SOC) content with decreasing altitude
and changing climatic gradients can also be explained through a com-
bination of pedogenic factors. At higher elevations, the cooler temper-
atures create conditions that slow microbial activity, reducing
decomposition rates and allowing for greater retention of organic car-
bon within the soil (Hobbie et al., 2000; Wagai et al., 2013). Conversely,
as altitude decreases and the climate transitions to warmer conditions,
microbial activity tends to increase, leading to more rapid decomposi-
tion of organic matter, which consequently results in lower SOC levels
(Nottingham et al., 2015; Zhang et al., 2023). In our study SRO minerals
were identified in the highlands and middle lands surface horizon
compared to lowlands surface horizon where kaolinite, and goethite are
dominant minerals (Tables 4 and 5). Additionally, the annual temper-
ature decreases from cooler (15 °C) in highlands to warmer (27 °C) in
lowland and annual precipitation decreases from 2500 to 2000 mm from
highland to lowland. These SRO minerals and pedogenetic factors
(elevation and climate) could be the potential drivers of SOC accumu-
lation and stabilization in the highland and middle land surface horizon.

We observed a decline in pH levels in the surface horizon of Pedons
as altitude and climate change from highland to lowland. Specifically,
pH level in the surface horizon decreased from 6.0 in Pedon 1 to 4.9 in
Pedon 2, and further to 2.5 in Pedon 3 (Table 3, Fig.3A). Similar results
of pH were reported with decreasing hydroclimatic gradient in Santa
Cruz Island and in Hawaiian (Candra et al., 2023; Chadwick et al.,
2003).

The surface horizon clay contents of various Pedons of this study
showed a consistent altitudinal trend, increased with decreasing eleva-
tion (Fig. 3C). Indeed, the clay content varied from 24.5 % in the surface
horizon of highland to 41,3 % in the surface horizon of lowland (Table 3
and Fig. 3C). The lower clay content in the surface horizon of highlands
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is likely a result of clay migration. During the process of soil formation,
erosion may have facilitated the movement of clay particles from the
highlands towards the surface horizons of lowland areas (Winkler et al.,
2016).

The clay mineralogy of this study (Figs. 4 and 5) showed a pro-
nounced altitudinal change, shifting from SRO minerals (allophane,
ferrihydrite) in the highland surface horizon to poor crystalline kaolinite
in the middle land to well crystalized kaolinite in lowland (Tables 4, 5
and 6). This clay minerals sequence highlights the relationship between
soil formation processes and environmental factors (climate, elevation,
and parent materials). At higher elevations, the predominance of short-
range order (SRO) minerals such as allophane and ferrihydrite was in
agreement with previous studies (Chadwick et al., 2003; Rasmussen
etal., 2007; Zehetner et al., 2003) and suggests conditions characterized
by the influence of climate conditions and volcanic materials, which are
often rich in amorphous silicate minerals (Nanzyo, 2002; Parfitt, 2009).
These SRO minerals are commonly associated with volcanic ash soils
and typically formed under conditions which are prevalent in cooler
highland environments. As altitude decreases, the shift towards poorly
crystalline kaolinite in the middle elevations indicates a transition to
warmer temperatures and altered precipitation regimes, which promote
more intensive weathering and the formation of crystalline clay min-
erals (Lyu et al., 2022; Tsai et al., 2010). In the lowland areas, the
presence of well-crystallized kaolinite signifies a stabilization of soil
conditions, where prolonged weathering has favored the transformation
of less stable minerals into more thermodynamically favored forms
(Churchman and Lowe, 2012; Manju, 2002).

4.3. Soil classification along the altitude and climate gradient

The classification of soils along the studied toposequence reflects
significant variations in morphological and pedogenic characteristics,
highlighting the influence of environmental factors on soil development.
Pedon 1 exhibits distinct andic properties demonstrated by its low bulk
density and high Alo + “;Feo values. Similar properties were observed
by Watanabe et al. (2023) in volcanic soils of Cameroon and Takahashi
and Shoji, (2002) in volcanic soils of Japan. These soils are classified as
Mollic Vytric Silandic Andosol (Loamic, Eutrosilic, Humic) according to
the WRB soil classification system (IUSS Working Group WRB, 2022).
The presence of volcanic glass, specifically pozzolan granules, further
supports the classification due to their role in enhancing soil structure
and fertility (El-Desoky and Hafez, 2018).

In contrast, Pedon 2 is regarded as a Dystric Xanthic Andic Ferralsol
(Clayic, Humic) due to its ferralic horizon characterized by low-activity
clays and resistant minerals as well as its high organic carbon content at
the surface horizon which further corroborates this classification,
highlighting the interplay between organic matter and mineralogy. The
Andic Ferralsol where reported to be dominant in the middle land of
Bamboutos mountain in Volcanic Line of Cameroon (Temgoua et al.,
2014).

The classification of Pedon 3 as an Umbric Rhodic Ferralsol (Clayic,
Humic) indicates a shift towards a more leached profile, characterized
by umbric properties with a distinct lack of andic qualities. The domi-
nance of kaolinite and low organic matter suggests significant weath-
ering processes consistent with soils formed in more humid conditions
(Vieira et al., 2025).

4.4. Soil organic carbon stock and degradation potential risks of studied
soils

Beside the WRB classification system, the comparison of the colors
and the soil organic matter contents of the three Pedons indicates that
Pedon 1 fits the concept of Black Soils from INBS / ITPS-FAO and it is
therefore considered as a tropical Black Soil compared to the Pedon 2
and Pedon 3 (FAO, 2019). Black soils are considered as key sources for
food productivity and climate change mitigation because of their carbon
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Fig. 7. Conceptual summary of mineralogical changes and pedogenesis of soils along the studied elevation sequence of Foumbot, West Cameroon. Alo and Feo =
oxalate-extractable Al and Fe; Alp = pyrophosphate-extractable Al; CEC = cation exchange capacity, OC = Organic Carbon.

stock capacity (Krasilnikov et al., 2022). In this study, the variation of
soil organic carbon stock in the top 30 cm of the Pedon 1 highlights the
greater potential of black Andosol soils to effectively sequester carbon,
compared to other soil types.

However, black soils are increasingly under threat because of the
long-standing and intensive cultivation, land use change, unsustainable
management, and agrochemical overuse have led to significant degra-
dation, including SOC loss, erosion, acidification, nutrient depletion,
and biodiversity decline (Tong and Sorokin, 2024). In this study, the
three soils are intensively cultivated and thus exposed to severe degra-
dation. However, andosol black soils, because of their specific properties
including high sand contents (inducing friable macrostructure), low
bulk density, and their position at the top of hill, are more susceptible for
erosion compared to other soils. Previous studies reported the fragile
status of andosol and their sensitivity to erosion (Avilés-Junco et al.,
2025; Kome et al., 2018; Tematio et al., 2011). The mixture factors
including intensive agriculture, poor farming practices and high rainfall
are the main cause of soils erosion in the study area (Inyang, 2011;
Ngandeu-Mboyo et al., 2016).

5. Summary and conclusion

The present study aimed to investigate the morphology, physical and
chemical properties, and mineralogy of soils within the climotopose-
quence of Foumbot with the intension to evaluated the potential risks of
soil degradation in this region. A conceptual summary of the main re-
sults of this study is shown in Fig. 7. The three Pedons, which represent
the predominant soil types in this area, exhibit significant variation in
their morphology, physical characteristics, chemical properties, and
mineralogical composition. This diversity has contributed to the for-
mation of different soil types within the climotoposequence of Foumbot.

10

Pedon 1, located in the highlands, was classified as Mollic Vitric Silandic
Andosol (Loamic, Eutrosilic, Humic), Pedon 2, located in the interme-
diary land, as Dystric Xanthic Andic Ferralsol (Clayic, Humic), and
Pedon 3 situated in the lowland as Umbric Rhodic Ferralsol (Clayic,
Humic), according to the WRB classification. Moreover, pedon 1, which
was classified as andosol, presents characteristics that fit the definition
of black soil according to the INBS-FAO definition. This soil shows
greater potential for agricultural productivity and carbon storage
compared to the other two Pedons. However, since these andosols are
situated at the top of the hill, possess structural weaknesses (granular
structure), and are subjected to intensive cultivation, they pose a higher
potential risk of degradation when farming is practiced compared to the
other two Pedons. Consequently, this area necessitates additional
research aimed at identifying the land use practices and management
systems impacting andosols and ferralsols. Such studies will help
develop innovative strategies for the sustainable management of these
soil types in the region.
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