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A B S T R A C T

Long-term cultivation can substantially reorganize soil physicochemical functioning in semi-arid agro
ecosystems, particularly in smectitic Vertisols developed from fine-grained alluvial deposits. This study assessed 
depth-dependent soil quality trajectories and the influence of sedimentary inheritance along a cultivation 
chronosequence in Southeastern Chad, comprising an uncultivated reference and fields cultivated for approxi
mately 25, 35, and 50 years under continuous flood-recession sorghum production with glyphosate-based weed 
management. Soil samples were collected at 0–20, 20–40, and 40–60 cm depths and analysed for bulk density, 
electrical conductivity, particle-size distribution, soil organic matter and total nitrogen, available phosphorus, 
exchangeable base cations, cation exchange capacity, and derived soil quality indicators. Multivariate analyses, 
including principal component analysis and hierarchical clustering, revealed non-linear, vertically structured soil 
quality trajectories rather than a monotonic degradation gradient. The 25-year stage represented an early 
adjustment phase, characterized by profile-wide compaction, elevated pH, and incomplete structural recovery. 
The intermediate 35-year stage appeared to correspond to a transient phase exhibiting the strongest coupling 
between soil structure, base saturation, nutrient redistribution, and organic matter–nitrogen dynamics 
throughout the profile. In contrast, the 50 years stage showed evidence of long-term alteration, with weaker 
structure–fertility interactions, progressive, base-cation depletion, potassium limitation, and emerging subsoil 
constraints despite persistently high inherent cation exchange capacity inherited from the smectitic parent 
material. These results suggest that soil health in smectitic Vertisol is governed not by clay content or exchange 
capacity alone, but by the maintenance of effective exchange-site occupancy, aggregation, and nutrient cycling 
throughout the soil profile. Overall, the findings indicate that long-term cultivation reorganizes rather than 
overrides the inherited sedimentary template, resulting in non-linear and depth-dependent soil quality trajec
tories. From a management perspective, sustaining these systems requires residue retention, organic inputs, 
replenishment of base-cations and potassium, controlled traffic on wet clay soils, and regular monitoring of 
subsoil properties to preserve both surface and subsurface functioning in Sudano–Sahelian agroecosystems.
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1. Introduction

Long-term cultivation is a major driver of soil physicochemical 
reorganization in semi-arid agroecosystems, where seasonal water lim
itation, low external nutrient inputs, and continuous crop offtake can 
progressively alter soil structure, nutrient retention, and biological 
functioning. In such environments, soil degradation is often diagnosed 
from surface indicators, although long-term resilience may depend 
strongly on subsoil processes, including fine-particle redistribution, 
aggregate reorganization, base-cation dynamics, and organic matter 
stabilization. This is particularly relevant in deep clay-rich soils, where 
cultivation-induced changes may propagate vertically and generate soil 
responses that are not adequately captured by topsoil measurements 
alone (Tsozué et al., 2020; Peng et al., 2023; Ma et al., 2024; Fran
zluebbers et al., 2025).

Vertisols represent a distinctive case among semi-arid agricultural 
soils because their functioning is controlled by the dual role of smectitic 
clay mineralogy. On the one hand, high clay content and large cation 
exchange capacity confer substantial nutrient-retention capacity and 
chemical buffering. On the other hand, shrink–swell behaviour, deep 
cracking, self-mulching, seasonal swelling, and compaction sensitivity 
create strong structural constraints under cultivation. Recent studies on 
Vertisols and other shrink–swell soils have shown that clay mineralogy, 
wetting–drying cycles, and management history jointly regulate aggre
gation, hydraulic behaviour, potassium availability, and the persistence 
of soil organic carbon (Jayaraman et al., 2022; Schweizer et al., 2022; 
Niaz et al., 2023; Gurav et al., 2024; Barnard et al., 2025; Ponyane et al., 
2025; Bhaskar et al., 2026). These characteristics imply that Vertisols 
may not respond to cultivation through a simple linear degradation 
pathway, but rather through progressive reorganization of structur
e–fertility coupling across the soil profile. In this study, soil health is 
used as the overarching functional concept describing the capacity of 
soil to sustain biological productivity, nutrient cycling, water regulation, 
and environmental quality. Soil quality is used in a more operational 
sense, referring to measurable physical and chemical indicators that 
diagnose changes in soil functioning. This distinction is essential 
because soil health cannot be inferred from individual properties alone, 
but from the extent to which soil structure, organic matter turnover, 
exchange capacity, nutrient retention, and ionic regulation remain 
functionally coupled. Recent soil health frameworks emphasize that soil 
functioning must be interpreted through integrated indicators and 
process-based relationships rather than through isolated measurements 
(Lehmann et al., 2020; Rieke et al., 2022; Feeney et al., 2024; Rabot 
et al., 2024). Accordingly, the present study uses soil quality indicators 
as diagnostic proxies for assessing depth-dependent soil health trajec
tories along a cultivation chronosequence.

A growing body of evidence indicates that soil responses to cultiva
tion may involve non-linear or threshold-like transitions, particularly 
where management effects interact with inherited mineralogical and 
textural controls. In clay-rich soils, cultivation can initially enhance 
nutrient redistribution or aggregation under some management con
texts, while prolonged use may progressively weaken base saturation, 
organic matter stabilization, and exchange-site occupancy (Peng et al., 
2023; Ma et al., 2024; Mikha et al., 2024; Singh et al., 2025). However, 
empirical evidence for such trajectories remains limited in semi-arid 
African agroecosystems, especially for smectitic Vertisols under low- 
input cultivation. Most available assessments emphasize topsoil 
fertility or land-use contrasts, whereas depth-explicit chronosequence 
studies capable of detecting subsoil constraints and whole-profile func
tional transitions remain scarce.

The Sudano–Sahelian flood-recession systems of southeastern Chad 
provide a relevant setting for addressing this gap. In these systems, 
Vertisols developed on fine-grained alluvial parent materials support 
long-term sorghum cultivation after seasonal flooding. Flood-recession 
agriculture is a key production system in semi-arid West Africa, where 
crops are established after water recedes and external inputs are 

generally limited (Traore et al., 2020). In southeastern Chad, this agri
cultural system combines continuous sorghum cultivation, glyphosate- 
based weed control, no mechanized tillage, and no systematic mineral 
fertilization or organic amendment (Mouaromba et al., 2025). Such 
management creates a specific context in which soil trajectories are 
likely to reflect the balance between inherited Vertisol buffering ca
pacity, shrink–swell pedoturbation, residue-mediated nutrient cycling, 
and sustained nutrient export through harvest.

The parent-material context is particularly important. Fine-grained 
alluvial deposition establishes a clay-dominated sedimentary template 
that can precondition subsequent pedogenesis and cultivation re
sponses. Long-term cultivation does not erase this inheritance, but may 
rework it through cracking, self-mulching, wetting–drying cycles, 
aggregate reorganization, and vertical redistribution of fine particles 
and exchangeable cations. This coupling between sedimentary inheri
tance and cultivation-induced reorganization is central to understanding 
why some Vertisol properties may improve at intermediate cultivation 
stages, while others deteriorate under prolonged use (Niaz et al., 2023; 
Raymond et al., 2023; Gurav et al., 2024; Ponyane et al., 2025; Bhaskar 
et al., 2026).

Despite the agronomic importance of these Vertisols, little is known 
about how their soil quality evolves over several decades of continuous 
flood-recession sorghum cultivation. In particular, it remains unclear 
whether cultivation induces gradual degradation, transient functional 
improvement, or threshold-like shifts in soil health. The role of subsoil 
processes is also poorly constrained, even though deep structur
e–fertility coupling may govern the long-term resilience of shrink–swell 
soils. Addressing this issue requires a depth-resolved approach that in
tegrates soil physical properties, chemical functioning, exchangeable 
base cations, fertility indices, relative deviation from uncultivated 
reference conditions, and multivariate analyses. Addressing these issues 
is essential for understanding how inherited sedimentary characteristics 
interact with long-term cultivation to shape soil health trajectories in 
Sudano-Sahelian Vertisols.

This study evaluates depth-dependent soil physicochemical trajec
tories along a cultivation chronosequence in southeastern Chad, 
including an uncultivated reference and fields cultivated for approxi
mately 25, 35, and 50 years under continuous flood-recession sorghum 
production. Specifically, we aimed to: (i) we aimed to: (i) quantify 
changes in soil physical, chemical and fertility-related properties across 
soil depth and cultivation duration; (ii) determine whether cultivation 
induces monotonic degradation or threshold-like soil quality states; (iii) 
identify the dominant structure–fertility and organic–ionic gradients 
controlling Vertisol functioning; and and (iv) derive management im
plications for sustaining both topsoil and subsoil health in Suda
no–Sahelian agroecosystems . We hypothesize that smectitic Vertisol 
responses to cultivation are non-linear and depth-dependent, with an 
intermediate cultivation stage exhibiting enhanced structure–fertility 
coupling, whereas prolonged cultivation leads to progressive decoupling 
of physical and biogeochemical soil functions, particularly in deeper 
horizons.

2. Material and methods

2.1. Study area

The study was conducted in southeastern Chad, between latitudes 
10◦44′56.9″ N and 11◦21′34.54″ N and longitudes 19◦46′59.08″ E and 
20◦14′19.5″ E, from November 2022 to December 2023. Three cultivated 
sites located within the Am-Timan were selected to represent contrast
ing stages of long-term flood-recession sorghum cultivation: Darasna, in 
northeast, cultivated for approximately 25 years; Madina, in the 
southern sector, cultivated for approximately 35 years; and Goz-Mabile, 
in the western sector, cultivated for approximately 50 years (Figure S1). 
An uncultivated reference site was established in the Wachoun region, 
central Chad, under natural vegetation dominated by dense spontaneous 
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herbaceous cover reaching approximately 2 m in height.
The study area belongs to the Sahelo-Sudanese climatic zone 

(Aubréville, 1950), characterized by a marked alternation between a 
short rainy season lasting 3–4 months, with rainfall peaking in August, 
and a prolonged dry season lasting 5–8 months. Mean annual rainfall is 
estimated at 938.8 mm (Zagalo et al., 2018), and the P/ETP aridity index 
ranges from 0.09 to 0.2, indicating an arid to semi-arid conditions highly 
sensitive to interannual hydroclimatic variability (Olivry, 1996). This 
strong seasonal contrast is central to the functioning of the studied 
smectitic Vertisols, because repeated wetting during seasonal flooding 
and progressive drying during the post-flood recession period promote 
shrink–swell dynamics, cracking, self-mulching, and vertical redistri
bution of fine particles and soluble or exchangeable ions.The study sites 
are positioned across the transition between: Sudanian and Sahelian 
vegetation zones. The Sudanian zone is characterized by open forests 
formations dominated by Combretaceae and legume species, including 
Acacia sieberiana, Acacia polyacantha, Anogeissus leiocarpus, Combretum 
nigricans, Combretum glutinosum, and Terminalia spp. In contrast, the 
Sahelian zone is dominated by sparse shrublands and wooded savannas, 
with common species including Acacia nilotica, Balanites aegyptiaca, 
Anogeissus leiocarpus, Ziziphus mauritiana, and Combretum glutinosum 
(Binot, 2010). This vegetation gradient provides the broader ecological 
context within which natural organic inputs, root activity, and surface 
residue dynamics may influence soil organic matter turnover and 
structural development.

The cultivated fields support annual flood-recession sorghum pro
duction on smectitic Vertisols developed from fine-grained alluvial 
parent materials. In this production system, crop establishment follows 
the recession of seasonal floodwater, and soil functioning is therefore 
controlled by the interaction between inherited alluvial texture, sea
sonal hydrological forcing, and long-term low-input management. 
Across all cultivated sites, glyphosate was applied by smallholder 
farmers as the principal weed-management input. Herbicide-based weed 
control was carried out from late September to early October, before 
transplanting and at the onset of the cropping cycle, while harvesting 
generally occurred from February to March. The commercial 
isopropylamine-salt formulation was used at locally prevailing rates of 
160 L.ha− 1 per application, corresponding to approximately 1.3 kg acid 
equivalent ha− 1 yr− 1. No mineral fertiliser, organic amendment, or 
mechanised tillage was applied, consistent with the low-input character 
of these systems. Within this management context, glyphosate-based 
weed control was considered as part of the broader cultivation system 
rather than as an isolated experimental factor. Its potential effects on soil 
functioning are likely to be indirect, through changes in weed biomass, 
residue return, living-root inputs, rhizosphere substrates, and organic 
matter turnover. In clay-rich Vertisols, glyphosate and its degradation 
products may also interact with clay minerals and organic matter, 
potentially influencing residue persistence and microbial exposure. 
However, glyphosate residues, microbial communities, and enzymatic 
activities were not directly measured in this study. Consequently, 
glyphosate management was treated as a contextual feature of the low- 
input sorghum system, and not as a directly quantified driver of the 
observed soil health trajectories (Kepler et al., 2020; Brochado et al., 
2023; Sibalekile et al., 2025; Köninger et al., 2026).

Soil sampling was conducted using a stratified random design within 
each experimental plot. At each site, six independent soil profiles were 
described and sampled at three depths intervals: 0–20, 20–40 and 
40–60 cm (Figure S2). This design provided 18 samples per site and a 
total of 72 samples across the four studied land-use stages. The three 
cultivated stages corresponded to single contiguous fields of known 
cultivation history: Darasna for the 25-year stage, Madina for the 35- 
year stage, and Goz-Mabile for the 50-year stage. Site-level replication 
within each cultivation stage was therefore provided by the six inde
pendent soil profiles sampled within each field, rather than by replicate 
fields of the same cultivation age.

Because each cultivation duration corresponded to a single field, 

cultivation age was necessarily confounded with site. This limitation is 
inherent to the space-for-time chronosequence approach and was 
explicitly considered when interpreting the results. Accordingly, the 
chronosequence was used to represent relative stages of long-term 
Vertisol cultivation under comparable flood-recession sorghum man
agement, rather than a strictly replicated temporal sequence. The study 
design therefore provides a depth-explicit framework for assessing how 
smectitic Vertisols developed on alluvial parent materials reorganize 
structurally and chemically under prolonged low-input cultivation.

2.2. Soil physicochemical analyses

All laboratory analyses were performed at UMR 242 iEES Paris 
Centre IRD, Bondy, ̂Ile-de-France, France. Bulk density (Bd) was deter
mined using the core cylinder method. Particle-size distribution was 
assessed on air-dried, disturbed samples by dispersion and sedimenta
tion using the pipette method. Soil dispersion was achieved with 1 M 
NaOH, and samples were mechanically agitated for 16 h to ensure 
complete separation of particles. Soil structural stability was quantified 
through the structural stability index (SI), according to Pieri’s formula 
(Pieri, 1992).

Soil pH was measured in a 1:2.5 soil-to-water suspension with a glass 
electrode pH meter (Guitián Ojea and Carballas, 1976). Electrical con
ductivity (EC) was determined in the same 1:2.5 soil-to-water suspen
sion used for pH, using a calibrated conductivity meter, and is reported 
in dS m− 1. Soil organic carbon (SOC) and total nitrogen (TN) were 
quantified using an elemental CHNS analyzer (Euro EA Elemental 
Analyzer, USA) coupled with an isotope ratio mass spectrometer (EA- 
IRMS), following standard protocols for dry combustion analysis.

Available phosphorus (P) was determined using the Bray No. 2 
extraction method (Bray and Kurtz, 1945). Exchangeable bases (Ca2+, 
Mg2+, K+, and Na+) were extracted with 1 N ammonium acetate (pH 7) 
and analyzed by atomic absorption spectrophotometry. Cation exchange 
capacity (CEC) was measured by the ammonium acetate method at pH 7, 
followed by displacement with 1 N potassium chloride (KCl) to deter
mine exchangeable sites (Sumner and Miller, 1996).

Relative deviation (Rd, %) of cultivated soils (CS) compared to con
trol (Cu) soils was calculated using the following expression (Tsozué 
et al., 2020): 

Rd(%) =
CS − Cu

Cu
× 100 

2.3. Statistical analyses

Normality of the data was assessed using the Shapiro–Wilk test. For 
variables meeting the assumption of normality, differences among 
cultivation stages were evaluated using one-way ANOVA, while non- 
normally distributed variables were analyzed using the Kruskal–Wallis 
test. Where significant differences were detected, post hoc comparisons 
(Tukey’s HSD test following one-way ANOVA, and Dunn’s test with 
Bonferroni adjustment following the Kruskal–Wallis test) were per
formed. Relationships among soil properties were examined using 
Pearson’s correlation. All statistical analyses were conducted at a 95% 
confidence level (α = 0.05) using Python (Spyder IDE). The multivariate 
structure of the soil dataset was examined using two complementary 
ordination and classification techniques. Principal component analysis 
(PCA) was applied to the standardized (z-scored) soil variables to 
identify the dominant gradients of soil functioning, and sampling points 
were grouped by hierarchical agglomerative clustering (HAC) using 
Ward’s linkage on Euclidean distances to delineate discrete soil-health 
states. The combined use of PCA and hierarchical clustering enabled 
the identification of both continuous functional gradients and discrete 
groupings within the cultivation chronosequence. Both analyses were 
performed in Python (Spyder IDE).
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3. Results and Discussion

Soil physicochemical and fertility-related properties varied signifi
cantly with both cultivation duration and soil depth (p < 0.05; 
Supplementary Material), revealing pronounced vertical and temporal 
controls on smetitic Vertisols functioning. Rather than following a 
simple monotonic degradation pathway, soil quality evolved through 
distinct, threshold-like states governed by interactions among smectitic 
clay inheritance, shrink–swell dynamics, organic matter turnover, base- 
cation cycling. These dynamics collectively indicate that Vertisol func
tioning is governed by non-linear feedbacks between inherited miner
alogy and management-driven pedogenic reorganization rather than 
linear depletion processes. The sections below develop this interpreta
tion along a purposive sequence: from the sedimentary substrate that 

conditions all subsequent processes, through depth-resolved physical 
reorganization and chemical functioning, to fertility dynamics, inte
grated soil quality trajectories, and, finally, their management 
implications.

3.1. Textural inheritance and its role as a pedogenic template

Interpreting depth-dependent cultivation responses in these Vertisols 
requires first establishing the sedimentary template from which all 
pedogenic reorganization proceeds. Clay content remained high and 
relatively uniform with depth in all cultivated plots (62–70%) (Fig. 1a), 
confirming the dominance of smectitic clays throughout the profile and 
the persistence of shrink–swell processes at depth. In contrast, the un
cultivated control showed significantly lower clay contents (49-54%, p 

Fig. 1. Depth-specific variation in particle-size distribution (clay, silt, and sand), bulk density and structural stability index (ISS) under contrasting cultivation 
durations. Boxplots display the 25th–75th percentile range (interquartile range), with the median indicated by a solid line, the mean represented by a diamond 
symbol, and outliers shown as individual points:.
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< 0.05) and higher silt proportions (26-33%) (Fig. 1b), yielding elevated 
silt/clay ratios (0.50-0.77) (Fig. 1c; Table S1). Cultivated plots consis
tently exhibited low silt/clay ratios (0.23–0.38), particularly in surface 
horizons, indicating stronger aggregation and reduced textural hetero
geneity along the profile (Hamza et al., 2025; Isaboke et al., 2025; Li 
et al., 2025).

This textural organisation is, in the first instance, inherited from the 
fine-grained alluvial parent material deposited by repeated flood- 
recession events, which establishes a smectite-rich, clay-dominated 
sedimentary template prior to any cultivation (Traore et al., 2020; 
Sharma et al., 2022; Raymond et al., 2023). Long-term cropping does 
not erase this sedimentary inheritance but reworks it, redistributing fine 
particles and reorganising aggregation along the profile (Jayaraman 
et al., 2022; Schweizer et al., 2022; Niaz et al., 2023; Ponyane et al., 
2025). The coupling between this depositional substrate and cultivation- 
driven reorganisation is therefore central to interpreting the depth- 
dependent trajectories reported in subsequent sections, particularly in 
smectite Vertisols, where inheritance-driven homogeneity interacts with 
vertic mixing to produce apparent pedogenic convergence over time 
(Bhaskar et al., 2026; Pagouo et al., 2026). Higher silt contents and 
elevated silt/clay ratios in uncultivated control likely reflect reduced 
aggregation and pedogenic mixing, leading to greater expression of 
original textural heterogeneity (Yakubu and Ojanuga, 2013; Onwudike, 
2015; Temga et al., 2019).

Particle-size fractions showed the expected internal organization: 
clay was strongly and negatively correlated (r = -1.0; p =0.00) with sand 
content and the silt/clay ratio (Fig. 1c-d), confirming the dominance of 
fine fractions in controlling smetitic Vertisol behavior. The uniformity of 
clay content and colour in these profiles are also consistent to regular 
profile homogenisation through vertic movements, which promote deep 
mixing of the soil column and reinforce the clay-dominated template 
across all depths (Basga et al., 2018; Tamfuh et al., 2011; Bhaskar et al., 
2026; Pagouo et al., 2026). This smectitic foundation—setting inher
ently high cation exchange capacity (CEC > 15 cmol kg− 1) and strong 
shrink–swell potential—acts simultaneously as a resilience buffer and a 
structural constraint (Gurav et al., 2024; Raymond et al., 2023). It en
hances nutrient-retention capacity and aggregate reorganisation 
through wetting–drying cycles, but also conditions the magnitude and 
reversibility of cultivation-induced changes in soil structure, ionic 
regulation and fertility functioning (Jayaraman et al., 2022; Schweizer 
et al., 2022; Niaz et al., 2023; Ponyane et al., 2025).

3.2. Depth-dependent physical reorganisation: compaction, structural 
loosening, and aggregate dynamics

Against this textural background, cultivation duration induced a 
clear and non-monotonic reorganization of soil physical properties. Bulk 
density (Bd) exhibited a strong interaction between cultivation duration 
and depth (Fig. 1e; Table S2). Recently cultivated plots (25 years) 
showed consistently elevated Bd values across the entire profile 
(1.55–1.59 g⋅cm− 3), indicating a vertically propagated compaction state 
following land-use conversion. In contrast, the 35-year plots displayed 
markedly lower Bd values at all depths (1.05–1.08 g⋅cm− 3), reflecting 
progressive structural loosening not confined to the surface layer but 
extending into the subsurface. The 50-year plots showed intermediate 
Bd values (1.03–1.19 g⋅cm− 3), suggesting partial structural degradation 
at depth under prolonged cultivation. The uncultivated control exhibi
ted moderate Bd values (1.19–1.41 g⋅cm− 3) that increased with depth, 
consistent with natural subsoil densification in Vertisols (Panagos et al., 
2024; Abshiba et al., 2025; Mouaromba et al., 2025). This suggests that 
cultivated systems may temporarily exceed natural systems in structural 
efficiency before long-term degradation processes dominate.

The index of structural stability (ISS) exhibited a complementary 
depth-dependent response (Fig. 1f). Across all treatments, ISS values 
remained well below the 5% threshold for structural stability (Pieri, 
1992), yet relative differences were informative. The highest ISS was 

recorded in the surface layer (0–20 cm) of the 35-year plots (ISS = 3%), 
suggesting localized improvement driven by biological activity and 
repeated shrink–swell cycles (Witzgall et al., 2024; Hamza et al., 2025; 
Su et al., 2025). ISS values generally declined with depth, with the 
lowest subsoil values observed in the 25- and 50-year plots, reflecting 
incomplete structural recovery under moderate-term cultivation and 
structural fatigue under prolonged cultivation, respectively (Martlew 
et al., 2023; Peng et al., 2023; Rezapour et al., 2024). Interestingly, the 
uncultivated control exhibited higher subsoil ISS in the subsoil (40–60 
cm; ISS = 2%) than most cultivated plots (Table S2), indicating that 
long-term cultivation may exacerbate structural degradation at depth 
even when surface conditions appear adequate (Liebhard et al., 2025; 
Cui et al., 2026).

Bulk density (Bd) was positively correlated with sand (r = 0.4; p 
=0.16) and negatively correlated with clay content (r = -0.4; p =0.16) 
and ISS (r = -0.4; p =0.16) (Fig. S3), indicating that clay-rich conditions 
favour lower compaction when aggregation processes are sufficiently 
developed. Mechanistically, this pattern is consistent with the progres
sive action of smectitic shrink–swell cycling in Vertisols. Repeated 
wetting during the flood-recession phase and desiccation through the 
prolonged dry season drive successive volumetric expansion and 
contraction, generating deep cracking, self-mulching, and the down
ward translocation of surface material into desiccation cracks (Traore 
et al., 2020; Niaz et al., 2023; Bhaskar et al., 2026). Over several de
cades, this pedoturbation can promote profile homogenisation, aggre
gates reorganisation and partial relaxation post-conversion compaction, 
allowing structural improvement to extend below the topsoil (>0-20 
cm) (Jayaraman et al., 2022; Schweizer et al., 2022; Ponyane et al., 
2025). The 35-year stage likely represents the point at which repeated 
wetting–drying cycles have sufficiently promoted vertic cracking, self- 
mulching, downward redistribution of surface material, and aggregate 
reorganization to offset the compaction inherited from earlier cultiva
tion. In this phase, shrink–swell pedoturbation appears to operate in 
concert with organic matter turnover and Ca2+/Mg2+-mediated floccu
lation, thereby strengthening structure–fertility coupling across the 
profile. The subsequent weakening observed after 50 years suggests that 
this regenerative mechanism becomes insufficient when nutrient export, 
limited organic inputs, K+ depletion, and base-cation decline progres
sively reduce the capacity of the soil matrix to sustain aggregation and 
subsoil fertility. The intermediate (35-year) stage appears to represent 
the point at which this regenerative process is most effective, as reflected 
by the lowest Bd, the highest ISS, and the strongest profile-wide 
coherence of physical properties. Beyond this duration, sustained 
cultivation limited organic inputs may weaken biological aggregation 
processes and reduce the capacity of shrink–swell dynamics to offset 
structural degradation, explaining the partial structural decline 
observed after 50 years (Du et al., 2024; Nachimuthu et al., 2025; 
Ponyane et al., 2025). These processes collectively generate a self- 
organising structural regime in which physical degradation and regen
eration co-occur across different depth domains.

3.3. Chemical functioning: pH dynamics, ionic intensity and organic 
matter turnover

Physical reorganization sets the structural context within which 
chemical processes unfold. Soil pH varied significantly with both culti
vation duration and depth (Fig. 2a; Table S3). The 25-year cultivated 
plots showed the highest pH values (7.4–7.6) throughout the profile, 
reflecting a transient alkalinisation associated with the release of basic 
cations during sorghum residue mineralization under no-tillage flood- 
recession management (Kaduwal et al., 2023; Sadiq et al., 2025).The 35- 
year plots exhibited the lowest pH (6.2–6.3) all depths, indicating pro
gressive acidification driven by sustained nutrient export through har
vest, depletion of exchangeable bases, and proton generation associated 
with organic matter mineralisation and nitrogen cycling. The 50-year 
plots showed intermediate pH values (6.7-6.8), suggesting partial 
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recovery or stabilisation, likely reflecting the inherent buffering capac
ity of the smectitic exchange complex and the gradual establishment of a 
new soil–plant equilibrium. The uncultivated control displayed a slight 
pH decrease with depth (6.6–6.8), consistent with natural leaching dy
namics under limited external inputs (Ma et al., 2024; Chen et al., 2025; 
Wang et al., 2025).

Soil pH was positively correlated (r = 0.40; p = 0.60) with 
exchangeable Ca2+ and Mg2+, total exchangeable bases (TEB) and Ca2+/ 
Mg2+ ratio (Fig. S3), reflecting the buffering role of base saturation in 
smectitic Vertisols. Negative correlations between pH and SOM (r =
-0.80; p = 0.20), TN (r = -0.95; p = 0.05), and C/N (r = -0.80; p = 0.20) 
indicate that organic matter accumulation and nitrogen enrichment are 
associated with localized acidification and intensified nutrient cycling, 
particularly in surface horizons (Mauclet et al., 2023; Suswati, 2023). 
This interplay base inputs and organic matter turnover shapes soil 

chemical health across cultivation stages, with implications for nutrient 
availability and long-term buffering capacity (Dong et al., 2022; Souza 
et al., 2023; Mouaromba et al., 2025).

Electrical conductivity (EC) varied significantly (p < 0.05) with 
cultivation duration and depth (Fig. 2b, Table S3), with highest values 
observed in the subsoil of the control (0.24 dS.m− 1) and in the surface 
layer of the 35-year plots (0.21 dS.m− 1). Critically, absolute EC values 
remained far below the 4 dS.m− 1 threshold commonly used to define 
saline soils, indicating that the observed EC variation reflects nutrient- 
related ionic redistribution rather than incipient salinity. In these clay- 
rich, shrink–swell Vertisols, EC should therefore be interpreted as an 
indicator of ionic intensity associated with soluble and exchangeable 
nutrient pools, rather than as evidence of salinity or sodicity stress 
(Ismayilov et al., 2021; Basak et al., 2023; Kim and Park, 2024; Rieder 
et al., 2024). The positive association of EC with exchangeable Ca2+, 

Fig. 2. Depth-related variation in pH, electrical conductivity (EC), soil organic matter (SOM), total nitrogen (TN), C/N ratio, and available phosphorus (av. P) under 
contrasting cultivation durations. Box plot elements as in Fig. 2.
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Mg2+, Na+ and TEB (r < 0.60; p > 0.60) further supports this inter
pretation. Conversely, the absence of a positive relationship between EC, 
Bd (r = -0.80; p = 0.20) or silt/clay ratio (r = -0.20; p = 0.80) (Fig. S3) 
suggests that ionic enrichment occurred without structural dispersion. 
This is consistent with evidence that clay-rich soils are structurally 
sensitive to the balance between EC and exchangeable cation composi
tion, with Ca2+- and Mg2+-dominated systems favouring flocculation 
and structural stability relative to Na-dominated systems (Adeyemo 
et al., 2022; Zhu et al., 2020; Vieira et al., 2025)

Soil organic matter (SOM) and total nitrogen (TN) exhibited rela
tively weak responses to cultivation duration in cultivated plots (p >
0.05 for differences among 25-, 35-, and 50-year stages; Fig. 2c-d; 
Table S3) but showed pronounced vertical stratification, () higher values 
in surface horizons declining with depth (Okolo et al., 2023; Yang et al., 
2024; Omwoyo et al., 2025). The uncultivated control retained higher 
SOM (~1.77%) and TN (0.06-0.08%) at all depths (Table S3), indicating 
greater organic matter preservation under natural conditions. These 
patterns are consistent with the low-input management character of the 
system: continuous flood-recession sorghum cultivation under 
glyphosate-based weed control, without mineral fertilisation or tillage, 
provides little external nutrient replenishment while sustaining contin
uous crop offtake (Traore et al., 2020; Ludemann et al., 2023; Chiriac 
et al., 2025). Consequently, bulk organic-matter and nitrogen stocks are 
buffered against cultivation duration per se but remain strongly struc
tured by depth and by the cultivated-versus-natural land-use contrast 
(Murindangabo et al., 2023; Okolo et al., 2023).

In contrast to bulk SOM and TN , the C/N ratio showed strong 
sensitivity to both depth and cultivation duration, with the lowest values 
consistently observed in the 35-year plots (10.63 < C/N < 11.57) across 
the profile (Fig. 2e; Table S3), indicating enhanced mineralisation and 
tighter carbon–nitrogen coupling at the intermediate cultivation stage 
(Lorenz et al., 2025; Skadell et al., 2025; Song et al., 2025; Xin et al., 

2025). Strong positive correlations between SOM and TN (r = 0.74; p =
0.26), coupled with their negative relationship with C/N (SOM: r =
-0.80; p = 0.20; TN: r = -0.95; p = 0.05) (Fig. S3), confirm progressive 
organic matter mineralisation and nitrogen enrichment with cultivation 
(Chiriac et al., 2025; Lorenz et al., 2025; Shoumik et al., 2025).

Available phosphorus (P) showed limited sensitivity to cultivation 
duration but varied with depth, with higher values in the control (6.45- 
7.64 ppm) (Fig. 2f; Table S3), suggesting that vertical P redistribution is 
governed more by mineral interactions and biological uptake than by 
cultivation duration alone in these clay-rich soils (Jian et al., 2022; 
Gupta et al., 2023; Li et al., 2024; McKenna et al., 2024). Available P was 
positively correlated with SOM and ISS (r = 0.95; p = 0.05), TN r = 0.78; 
p = 0.22), and cation exchange capacity (CEC) (r = 0.74; p = 0.26) 
(Fig. S3), emphasizing the role of organo-mineral interactions and 
aggregate protection in regulating P availability—a functional link that 
is strongest at the intermediate cultivation stage and weakens under 
prolonged management (Li et al., 2020; Tian et al., 2021; Jindo et al., 
2023; Zhang et al., 2024; Hamza et al., 2025). This suggests strong 
geochemical control of P availability in smectitic systems, dominated by 
sorption and organo-mineral stabilization rather than management 
intensity.

3.4. Fertility dynamics: vertical distribution of base cations and exchange 
complex functioning

The functional consequences of the structural and chemical changes 
described above are most clearly expressed in the behaviour of the ex
change complex and its vertical organisation. Exchangeable base cations 
exhibited strong vertical gradients modulated by cultivation duration. 
Calcium (Ca2+) and magnesium (Mg2+) dominated the exchange com
plex and increased with depth in the 25- and 35-year plots (Fig. 3a-b; 
Table S4), indicating downward translocation and subsoil enrichment 

Fig. 3. Depth-dependent variation in exchangeable base cations (Ca2+, Mg2+, K+, and Na+) under contrasting cultivation durations. Box plot elements as in Fig. 2.
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over time (Kassie et al., 2025; Lv et al., 2024; Ma et al., 2024). In 
contrast, significantly lower Ca2+ (6.96 cmol.kg-1) and Mg2+ (2.32 cmol. 
kg-1) contents in the subsoil of the 50-year plots indicate progressive 
base depletion or redistribution under long-term cultivation, consistent 
with sustained crop offtake without replenishment.

Potassium (K+) was relatively stable in surface horizons but declined 
significantly with depth in the 50-year plots (from 0.63 cmol.kg-1 to 0.47 
cmol.kg-1) (Fig. 3c), reflecting cumulative crop uptake and limited 
replenishment in deeper layers (Correndo et al., 2021; Artuso et al., 
2024; Nath et al., 2025). Sodium (Na+) showed higher concentrations in 
the subsoil of the 25-years (1.21 cmol.kg-1) and 35-years plots (1.21 
cmol.kg-1) (Fig. 3d, Table S4) but remained below sodicity thresholds, 
indicating base enrichment without structural risk (Andrade Foronda 
and Colinet, 2023; Ponyane et al., 2025).

Total exchangeable bases (TEB) and base saturation (BS) showed 

strong depth-dependent responses to cultivation duration (Fig. 4a-b; 
Table S4-5). The highest values were consistently observed in the 25- 
and 35-year plots across all depths, particularly in subsoil layers, indi
cating efficient vertical retention of bases (Zhang et al., 2023; Ji et al., 
2024; Ma et al., 2024). In contrast, significantly lower TEB (10.62-11.89 
cmol.kg-1) and BS (63-70%) values in the 50-year plots at depth reflect 
reduced buffering capacity under prolonged cultivation. CEC remained 
high (> 15 cmol.kg-1) across all cultivation duration and depths 
(Fig. 4c), reflecting the smectitic mineralogy of the Vertisol (Gurav et al., 
2024; Barnard et al., 2025; Mouaromba et al., 2025). However, the CEC/ 
clay ratio clearly distinguished cultivated plots from the control (36- 
41%) throughout the profile (Fig. 4d; Table S5), with lower values (24- 
27%) under cultivation indicating reduced effective charge per unit 
clay, attributable to aggregation and organo–mineral interactions that 
restrict exchange-site accessibility (Bi et al., 2023; Zhu and Sun, 2024; 

Fig. 4. Variation in total exchangeable bases (TEB), base saturation (BS), cation exchange capacity (CEC), clay-normalized CEC (CEC/clay) and exchangeable cation 
ratios (Ca2+/Mg and Mg2+/K+) under contrasting cultivation durations. Box plot elements as in Fig. 2.
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Abile et al., 2025). The CEC/clay ratio was negatively correlated with 
clay content (r = -1.00; p = 0.00) but positively correlated with the silt/ 
clay ratio (r = 1.00; p = 0.00) (Fig. S3), confirming that structurally 
stable, clay-dominated systems exhibit lower apparent charge per unit 
clay due to stronger aggregation—a distinction with important impli
cations for interpreting the relationship between inherent exchange 
capacity and effective fertility (Jones et al., 2021; Bi et al., 2023; Rabot 
et al., 2024). However, declining CEC/clay ratios in cultivated systems 
indicate that effective charge accessibility is reduced by aggregation and 
organo–mineral complexation, decoupling inherent mineral potential 
from functional fertility expression.

Cation balance indicators further discriminated soil health states. 
Balanced Ca2+/Mg2+ (2.77–4.23) and Mg2+/K+ (4.91–5.91) ratios in 
the 25-year and 35-year plots were strongly associated with high ISS and 
BS (Fig. S3; Fig. 4e-f; Table S5), underscoring their relevance as depth- 
integrated indicators of soil health under prolonged cultivation in 
smectitic Vertisols. In the 50-year plots, the Ca2+/Mg2+ ratio remained 
positive (Rd = +5.89%) but K+ depletion was pronounced (Rd =
− 30.91%) (Fig. S4; Table S6), indicating a growing cation imbalance 
that could constrain plant nutrition and further weaken aggregate sta
bility through reduced divalent-cation bridging at exchange sites 
(Bronick and Lal, 2005; Rengasamy et al., 2022; Pessoa et al., 2024).

3.5. Non-linear stage-dependent deviation patterns

The relative deviation analysis (Rd, %) confirmed that cultivation 
effects are not expressed as a monotonic degradation trend but as a non- 
linear sequence of contrasting structural, chemical, and fertility re
sponses (Fig. S4; Table S6). Texture-related indicators displayed some of 
the largest deviations: clay content increased by +33.86%, +40.63%, 
and +26.49% after 25, 35, and 50 years of cultivation, respectively, 
while the silt/clay ratio showed strongly negative deviations (− 55.18%, 
− 55.33%, and − 45.60%), with the strongest textural contrast at the 
intermediate stage.

Soil physical indicators showed contrasting responses consistent 
with the three-phase interpretation developed above. Bulk density 
increased markedly in the 25-year plots (Rd = +21.96%), reflecting 
early compaction, but decreased in the 35- and 50-year plots (Rd =
− 16.76% and − 13.42%, respectively), indicating partial structural 
reorganisation (Mattila and Häkkinen, 2025; Țopa et al., 2025; Hewelke 
et al., 2026). ISS remained negative at all cultivation stages (Rd =
− 29.39%, − 21.01%, and − 25.37%), demonstrating that the reduction 
in Bd in older cultivated plots did not correspond to full aggregate sta
bility recovery—a partial decoupling between bulk-density dynamics 
and aggregate stability that underscores the importance of monitoring 
both indicators simultaneously.

Chemical properties exhibited stage-specific responses. The most 
diagnostic pattern is the trajectory of TN: negative deviations in the 25- 
and 50-year plots (both − 14.06%), but a marked positive deviation in 
the 35-year plots (+29.69%), coupled with a sharp decline in the C/N 
ratio (Rd = − 28.63%) at the same stage. This signals maximum nitrogen 
enrichment and tightest carbon–nitrogen coupling at the intermediate 
cultivation duration, consistent with the peak in mineralization activity 
and biological functioning at 35 years (He et al., 2023; Zou et al., 2024; 
Lorenz et al., 2025; Wang et al., 2025b). Available P remained consis
tently depleted across all cultivated plots (Rd = − 17.00%, − 15.48%, 
and − 17.00%), indicating persistent phosphorus limitation independent 
of cultivation duration—a constraint attributed to strong mineral sorp
tion in these clay-rich, high-CEC soils (Yang et al., 2024; Singh et al., 
2025; Wang et al., 2025).

Exchangeable Ca2+ and Mg2+ increased in the 25- and 35-year plots 
(Rd = +22.01% and +23.87% for Ca2+; +18.38% and +20.17% for 
Mg2+) but declined in the 50-year plots (Rd = − 10.30% for Ca2+; 
− 16.48% for Mg2+), signalling the onset of base depletion under long- 
term cultivation (Dong et al., 2022; Lv et al., 2024; Ma et al., 2024). 
K+ was depleted at all stages, increasingly so after 50 years (Rd =

− 30.91%). Na+ showed the largest positive deviations among all 
measured variables (+99–115%), reflecting base enrichment without 
structural risk at all cultivation durations. Integrated fertility indicators 
confirmed these patterns: BS decreased from +57.93% at 25 years to 
+8.90% at 35 years and then to − 15.28% at 50 years, indicating that 
exchange capacity was broadly maintained but effective base occupancy 
progressively weakened under long-term cultivation (Ma et al., 2024; 
Kabala et al., 2025). Taken together, these Rd patterns support the 
interpretation that the 35-year stage represents a transient but func
tionally coherent condition, whereas both shorter and prolonged culti
vation stages are associated with structural incompleteness or emerging 
subsoil fertility constraints.

3.6. Multivariate soil quality gradients and soil health states

The principal components analysis (PCA) biplot and hierarchical 
agglomerative clustering (HAC) corroborated and extended the Rd re
sults by revealing the multivariate architecture of smectitic Vertisol soil 
quality along the cultivation gradient (Fig. 5a–b). The first two principal 
components explained 81.0% of the total variance (PC1: 53.5%; PC2: 
27.5%), indicating that a limited set of coupled processes governs soil 
functioning across cultivation stages.

PC1 represents a dominant structure–fertility gradient: positive 
loadings were associated with clay content, ISS, Ca2+, Mg2+, TEB, CEC, 
BS, and balanced Ca2+/Mg2+ and Mg2+/K+ ratios, while negative 
loadings were linked to sand, silt, silt/clay ratio, and Bd. This axis 
captures the central role of clay-controlled aggregation and base satu
ration in regulating smectitic Vertisol structural stability and nutrients 
retention. PC2 captures a complementary organic–ionic gradient, 
dominated by SOM, TN, C/N, available P, EC, and Na+, reflecting 
variability in organic matter turnover, nutrient availability, and ionic 
intensity. Together, these axes depict soil quality as the outcome of 
tightly coupled physical, chemical, and biological processes rather than 
isolated properties (Lal, 2015; FAO/GSP, 2017; Karlen et al., 2019).

The HAC grouped plots according to cultivation duration and overall 
soil functioning (Fig. 5b). The close clustering of the 25- and 35-year 
plots indicates progressive improvement in soil quality during the first 
decades of cultivation, while the separation of the 50-year plot from this 
cluster reflects divergence toward a distinct soil health state. The un
cultivated control formed an independent branch, confirming its con
trasting physicochemical organization. This hierarchical structure 
supports the existence of distinct soil health states along a cultivation 
gradient (Fig. S5a-b): 

i. an adjustment phase (~25 years) : profile-wide compaction and 
incomplete structural organization, early base enrichment, 
elevated pH, but weakened ionic regulation;

ii. an optimal functioning phase (~35 years): strong structur
e–fertility–carbon coupling, lowest Bd, highest ISS propagation, 
balanced cation ratios, high BS and TEB, and elevated ionic in
tensity without structural penalty;

iii. a long-term alteration phase (≥50 years): progressive structur
e–fertility decoupling at depth, weakened BS, K+ depletion, and 
reduced subsoil buffering capacity despite persistently high CEC.

ISS emerged as a pivotal integrating variable in both the correlation 
structure and the PCA. Its positive correlations with SOM, TN, Ca2+, 
Mg2+ and available P (r > 1.00; p <0.26), and its negative correlations 
with Bd and the silt/clay ratio (r = -0.40; p = 0.60), confirm that 
cultivation duration shapes soil health primarily by reinforcing or 
weakening the mechanisms that stabilize aggregates through organic 
binding agents and divalent-cation bridging. Systems where this 
coupling is strongest—typically at intermediate cultivation 
stage—exhibit greater resilience to compaction and structural degra
dation (Rieke et al., 2022; Mikha et al., 2024; Ponyane et al., 2025).

The uncultivated control was distinctly separated from cultivated 
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plots and associated with higher silt content, elevated silt/clay and CEC/ 
clay ratios, and lower structural integration, confirming that natural 
Vertisol systems maintain a different physicochemical equilibrium—one 
characterized by high potential exchange capacity but lower effective 
aggregation and base-driven fertility compared with well-structured 
cultivated systems (Ponyane et al., 2025). This confirms the interpre
tation that long-term cultivation, when not exceeding critical thresh
olds, can develop structural and fertility organization that exceeds the 
uncultivated reference in functional terms, while also demonstrating the 

risk of degradation at extended cultivation durations.

3.7. Alignement with global health frameworks

The non-linear, threshold-like trajectories identified here can be 
directly interpreted through three internationally recognized soil health 
frameworks (Fig. 6a). Under to the FAO soil health framework (FAO, 
2015; FAO/GSP, 2017), soil health soils is defined by the capacity to 
sustain biological productivity, regulate water and nutrient flows, and 

Fig. 5. (a): Principal component analysis (PCA) biplot showing relationships among soil properties and discrimination of cultivation durations along the first two 
principal components (PC1 and PC2); (b): Hierarchical clustering of cultivation durations based on multivariate soil property patterns, with associated inertia gain.
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Fig. 6. (a): Conceptual alignment of PCA-derived soil health dimensions with FAO and Lal soil quality frameworks and SOC stabilization paradigms; (b): Conceptual 
model of soil health trajectories across cultivation durations, illustrating transitions from natural state to structural–biogeochemical decoupling.
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maintain environmental quality. PC1 of the PCA—integrating clay 
content, ISS, base saturation, TEB, and balanced cation ratios—captures 
this functional capacity (Fig. 9d). The positioning of the 35-year plots 
along the positive side of PC1 indicates optimal coupling between 
structure and fertility, corresponding to maximum FAO-defined func
tional capacity (Fig. 6b; Fig. S5a). Conversely, the displacement of the 
50-year plots toward lower BS and weaker ISS reflects a decline in 
functional efficiency despite high inherent CEC, suggesting reduced soil 
resilience (Naorem et al., 2023; Ma et al., 2024; Singh et al., 2025). The 
control plot, while chemically buffered, shows lower structural inte
gration, confirming that natural equilibrium does not necessarily equate 
to optimal agronomic soil health (Lichtenberg, 2024; Zhu et al., 2024; 
Ponyane et al., 2025).

Under Lal’s soil quality paradigm (Lal, 2015, 2016), ISS emerges as a 
pivotal integrator : strongly associated with SOM, TN, Ca2+, Mg2+, and 
available P along PC1 and PC2, it links aggregation, carbon protection, 
and nutrient-use efficiency in a single functional variable (Fig. 9d). The 
35-year plots exemplify Lal’s concept of structure–carbon–nutrient 
coupling, while the 50-year plot illustrate that soil quality degradation is 
not solely carbon loss but the weakening of the physical–chemical 
coupling that governs SOC effectiveness—even when total C stocks 
remain moderate (Kpemoua et al., 2024; Zhang et al., 2024; Li et al., 
2025; Cao et al., 2026). From a 4‰ Initiative perspective (Martin et al., 
2021; Feeney et al., 2024; Jia et al., 2024; Koutika et al., 2025; Patil 
et al., 2025), the PCA results show that SOM and TN load primarily on 
PC2, while their stabilisation potential depends strongly on PC1 vari
ables (ISS, Ca2+, Mg2+, BS) (Fig. 6b).

The 35-year plots represent a system where SOC is not maximized in 
quantity but is efficiently stabilized through aggregation and cation 
bridging, aligning with the principle of structural carbon sequestration 
(Jing et al., 2025; Yadav et al., 2025; Cao et al., 2026; Cheng et al., 
2026). By contrast, the control plot, despite higher CEC/clay ratios, 
exhibits weaker structural integration, implying lower SOC protection 
efficiency. The 50-year plot suggest that long-term cultivation may 
compromise SOC stabilization pathways if structural regeneration is not 
maintained (Hondroudakis et al., 2024; Kpemoua et al., 2024; Zhang 
et al., 2024). Taken together, this supports a refined 4‰ perspective for 
Sahelian Vertisols: carbon gains are sustainable only when structural 
and base-driven stabilization mechanisms are preserved alongside car
bon inputs.

3.8. Management implications for Vertisol-based agroecosystems

The identification of threshold-like soil health states along the 
cultivation gradient has direct implications for the design of sustainable 
management strategies in Sudano–Sahelian flood-recession systems. 
Because organic-matter and base-cation stocks—rather than cultivation 
duration per se—govern the structure–fertility coupling that peaks 
around 35 years, management priority should be given to sustaining the 
organic binding agents and divalent-cation supply that stabilise aggre
gates throughout the profile (Niaz et al., 2023; Du et al., 2024; Ma et al., 
2024; Ponyane et al., 2025).

For the smallholder farmers managing these flood-recession Verti
sols, this translates into a set of accessible, low-cost practices. Retaining 
sorghum residues and stubble in the field rather than burning or 
exporting them sustains the organic inputs and Ca2+/Mg2+ supply 
central to aggregate stability; periodic additions of locally available 
organic amendments (manure, compost, household organic waste) can 
reinforce subsoil base saturation and buffer the acidification and K+

depletion that emerge under prolonged cultivation. Limiting soil traf
ficking on wet clay and timing field operations to the soil moisture state 
would reduce the profile-wide compaction characteristic of the early 
adjustment phase (Traore et al., 2020; Jayaraman et al., 2022; Schwe
izer et al., 2022; Kaduwal et al., 2023; Nath et al., 2025; Sadiq et al., 
2025). Where feasible, occasional inclusion of deep-rooted or legumi
nous species in rotation, and reduced reliance on glyphosate as the sole 

weed-management input, would help maintain biological activity and 
subsoil nutrient replenishment (Meena et al., 2022; Sibalekile et al., 
2025).

Crucially, because structural–fertility decoupling in these soils first 
becomes apparent at depth while surface indicators may remain 
adequate, soil-health monitoring and extension advice should not be 
confined to the topsoil. Periodic assessment of subsoil structure (Bd, ISS) 
and base status (BS, TEB, K+) at 40–60 cm depth is recommended so that 
corrective interventions can be implemented before surface indicators 
decline and before the system crosses the threshold into the long-term 
alteration phase (Correndo et al., 2021; Rieke et al., 2022; Artuso 
et al., 2024; Lv et al., 2024). The smectitic Vertisol resilience is sub
stantial but not unlimited: long-term cultivation can progressively 
weaken subsoil structure–fertility coupling even where inherent ex
change capacity remains high, making subsoil monitoring a critical 
component of sustainable land management in Sudano–Sahelian agro
ecosystems. Sustainable productivity depends on maintaining the 
coupling between structure, exchange chemistry, and biological turn
over across the full soil profile rather than managing surface properties 
alone.

4. Conclusion

This study provides a depth-explicit chronosequence assessment of 
long-term cultivation effects on smectitic Vertisols, developed on fine- 
grained alluvial parent materials, responses to long-term flood-reces
sion sorghum cultivation under glyphosate management in southeastern 
Chad. By combining profile-scale sampling (0–60 cm) across an uncul
tivated reference and three cultivation ages (~25, 35, and 50 years), the 
results show that smectitic Vertisol soil quality does not follow a simple 
monotonic degradation pathway. Instead, cultivation induced non- 
linear, vertically structured trajectories governed by the interaction 
between sedimentary inheritance, shrink–swell pedoturbation, organic 
matter turnover, and base-cation regulation. These interacting processes 
generate emergent soil health states that are only detectable when both 
temporal and depth dimensions are explicitly considered.

The 25-year stage represented an early adjustment phase charac
terized by profile-wide compaction, elevated pH, and strong base satu
ration, but incomplete structural reorganization. The 35-year stage 
emerged as a transient functioning optimum, with the lowest bulk 
density, the highest relative structural stability, stronger clay-dominated 
aggregation, enhanced nitrogen status, and the most coherent coupling 
between soil structure, base saturation, and nutrient redistribution 
across the profile. In contrast, the 50-year stage showed evidence of 
long-term alteration, including weakening base saturation, depletion of 
Ca2+, Mg2+ and K+, reduced structure–fertility coupling at depth, and 
emerging subsoil constraints despite persistently high inherent cation 
exchange capacity. This trajectory indicates that smectitic Vertisol 
evolution under cultivation is best conceptualized as a cycle of structural 
adjustment, functional optimisation, and progressive decoupling rather 
than linear degradation.

These findings demonstrate that the resilience of cultivated smetitic 
Vertisols cannot be inferred from clay content or CEC alone. The 
smectitic clay matrix provides substantial buffering capacity, but this 
resilience depends on maintaining effective exchange-site occupancy, 
aggregate stability, organic matter inputs, and balanced cation cycling 
throughout the soil profile. . In particular, the decoupling between 
inherent mineral fertility (CEC) and effective functional fertility (BS, ISS, 
and nutrient availability) emerges as a key control on long-term soil 
performance. The identification of threshold-like soil health states 
highlights the need to move beyond surface-based fertility assessment 
and to consider subsoil functioning as a central component of long-term 
soil sustainability in Sudano–Sahelian flood-recession systems

Methodologically and conceptually, the main novelty of this study 
lies in coupling sedimentary inheritance, depth-resolved chronose
quence analysis, and multivariate soil quality indicators to identify 
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threshold-like soil health states in Sudano–Sahelian smectitic Vertisols. 
This approach demonstrates that the smectitic clay matrix provides 
substantial buffering capacity, but that inherent clay-related fertility 
alone is insufficient to maintain soil health when exchange-site occu
pancy, aggregation, and nutrient cycling become progressively decou
pled at depth. By integrating structural, chemical, and functional 
indicators within a unified depth-resolved framework, this study pro
vides a transferable template for diagnosing non-linear soil system 
evolution in Vertisol-dominated agroecosystems.

From an agronomic perspective sustaining smectitic Vertisol pro
ductivity under continuous sorghum cultivation will require practices 
that preserve the vertical coupling between structure and fertility. Pri
ority should be given to residue retention, periodic organic amend
ments, replenishment of base cations and potassium, reduced trafficking 
on wet clay, and the inclusion of deep-rooted or leguminous species 
where feasible. Regular monitoring of subsoil bulk density, structural 
stability, base saturation, and exchangeable K+ should be integrated into 
soil-health assessment frameworks, because degradation signals may 
first emerge at depth while surface indicators remain apparently stable. 
This underscores the importance of adopting depth-explicit soil moni
toring strategies in flood-recession agricultural systems rather than 
relying solely on topsoil indicators.

Overall, this study shows that smectitic Vertisol resilience is sub
stantial but not unlimited. Long-term cultivation can create a transient 
phase of enhanced soil functioning, but without nutrient replenishment 
and profile-scale structural management, this favourable state may shift 
toward progressive structure–fertility decoupling. These results provide 
a process-based basis for designing time-aware and depth-aware man
agement strategies for smectitic Vertisol-based agroecosystems in the 
Sudano–Sahelian zone. More broadly, they highlight that soil sustain
ability in clay-rich systems is governed by the maintenance of functional 
coupling among structure, chemistry, and biology rather than the 
persistence of any single soil property.
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10.36783/18069657rbcs20230125.

Aubréville, A., 1950. Flore forestière soudano-guinéenne : AOF. Société d’éditions 
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Köninger, J., Labouyrie, M., Ballabio, C., Dulya, O., Mikryukov, V., Romero, F., 
Franco, A., Bahram, M., Panagos, P., Jones, A., Tedersoo, L., Orgiazzi, A., Briones, M. 
J.I., van der Heijden, M.G.A., 2026. Pesticide residues alter taxonomic and 
functional biodiversity in soils. Nature 650, 367–373. https://doi.org/10.1038/ 
s41586-025-09991-z.

Koutika, L.-S., Henry, B., Schepp, C., Olaleye, A., Amiraslani, F., Minasny, B., Ma, Y., 
Ladha, J., Cardinael, R., Bossio, D., Chenu, C., Espinoza, A.F., Madari, B., 
Soussana, J.-F., Varela-Ortega, C., Skowronska, M., 2025. Enhancing “4 per 1000” 
initiative implementation through region-specific agricultural and forestry practices. 
Soil Adv. 4, 100057. https://doi.org/10.1016/j.soilad.2025.100057.
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