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Abstract

Soil degradation and limited root-exploitable depth restrict maize productivity in
Plinthosols of tropical regions. However, the combined effects of subsoiling and amend-
ments derived from termite mound materials on soil functionality and yield remain in-
sufficiently quantified. This study examines how variations in a functionally exploitable
rooting depth, within a management system combining subsoiling and termite mound
amendments, are associated with soil physicochemical properties and spatial variability of
maize (Zea mays L.) grain yield in the Lubumbashi region of the Democratic Republic of the
Congo. Spatial soil sampling and correlation analyses were used to identify the dominant
pedological factors controlling yield variability. The results indicate a reduced vertical
stratification of most nutrients within the explored depth, reflecting a more homogeneous
distribution of soil properties within the managed profile, although direct causal attribu-
tion to specific practices cannot be established in the absence of untreated control plots.
Improved rooting conditions were reflected by high and spatially variable productivity
(2.3 to 11.1 t ha−1 across blocks), accompanied by a moderate average gain between sea-
sons (<1 t ha−1), while extractable manganese emerged as a consistent negative predictor
of yield. These patterns are consistent with a larger functionally exploitable rooting depth
and an improved soil environment, although causal contributions of subsoiling and termite
mound amendments cannot be isolated in the absence of control plots. Overall, the results
highlight the importance of jointly considering structural and chemical soil properties when
interpreting productivity gradients in Plinthosols and designing sustainable management
strategies for degraded tropical soils.

Keywords: Plinthosols; maize (Zea mays L.); spline with barriers; subsoiling; termite mound
materials; Lubumbashi
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1. Introduction
Agricultural productivity in tropical regions is closely dependent on the physicochemi-

cal quality of soils, which controls water availability, nutrient availability, and plant rooting
conditions [1–4]. In the Lubumbashi region, in the southeast of the Democratic Republic
of the Congo, the dominant soils are ferralitic soils with low intrinsic fertility and the
occurrence of plinthite, characterized by a compact structure, low organic matter content,
and high acidity, limiting the availability of essential nutrients [5–7]. The frequent presence
of plinthite at shallow depths exacerbates these constraints, hindering root growth and
limiting the productivity of maize (Zea mays L.), the main food crop and basis of regional
food security [8–11].

Faced with these limitations, innovative soil management approaches have been tested
to restore fertility and improve the structure of Plinthosols. Among these, amendments
with giant termite mound materials and mechanical subsoiling appear to be two promising
practices capable of correcting the physical and chemical constraints that limit agricultural
production [12–14]. Termite mound materials, rich in clay and basic cations (Ca2+, Mg2+,
K+), contribute to acidity neutralization and improved cation exchange capacity [15–18]. At
the same time, subsoiling breaks up hardened horizons, improves porosity, macropore conti-
nuity, and drainage, thereby promoting deeper and more uniform root penetration [19–25].

Subsoiling and amendments derived from termite mound materials have been re-
ported to improve rooting conditions and nutrient distribution in compacted tropical
soils, although their effects may vary depending on soil type, depth, and management
history [13,26]. The combined action of these two practices results in improved water and
nutrient availability, promoting more vigorous vegetative growth and increased yields,
particularly for maize, a crop that is highly dependent on a large volume of exploitable
soil and a functional root system [27–31]. However, in Plinthosols, the effectiveness of
these practices is closely linked to the depth actually accessible to roots, which is strongly
controlled by the position and thickness of the plinthite [32].

To date, studies conducted in the Lubumbashi region have mainly focused on the
effect of termite mound materials applied to the surface, without explicitly integrating
the role of subsoiling or the spatial variability of the usable depth related to the plinthitic
crust [13,33,34]. This gap limits our understanding of how the root zone actually functions
in these challenging soils and highlights the need for an integrated approach, combining
chemical improvement and physical restructuring of the profile.

Recent studies in compacted tropical and subtropical soils have shown that deep
tillage and subsoiling can reduce bulk density in the 20–40 cm layer, improve porosity
and rooting depth, and increase maize yield by 10–30% under field conditions [35–38]. In
parallel, termite mound materials are increasingly recognized as biogenic amendments that
enrich soils with fine clays, base cations, and organo-mineral complexes, improving cation
exchange capacity, water retention, and microbial functioning [15,39–44]. However, these
approaches have largely been evaluated separately and rarely within Plinthosols, where
plinthite strongly constrains rooting depth. To our knowledge, no study has examined how
restoring a functionally exploitable depth in Plinthosols through the combined effects of
subsoiling and termite mound amendments reshapes soil functioning and controls spatial
variability in maize yield. This gap motivates the present study.

In this context, the 0–40 cm depth was selected as the zone that is effectively made
physically and chemically exploitable in this Plinthosol following deep mechanical inter-
vention. Although this interval does not correspond to a single homogeneous pedogenetic
horizon, it represents a functionally relevant depth that delimits the volume of soil actu-
ally accessible to maize roots once compaction is reduced. This choice is consistent with
previous studies showing that, when mechanical constraints are alleviated, maize can
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effectively explore soil volumes down to approximately 40 cm or more, thereby benefiting
from increased access to water and nutrients [44–46]. The surface horizon (0–10 cm), which
has a more constant thickness and is strongly influenced by cultivation practices [47], was
analyzed in parallel as a comparative reference. However, its results are presented sepa-
rately in the Supplementary Materials, as the central objective of this study is to interpret
soil–yield relationships within the mechanically loosened rooting zone where functional
changes are most pronounced.

This study has the principal objective of determining how restoring a functionally
exploitable rooting depth through subsoiling combined with amendments from termite
mound materials modifies the physicochemical properties of Plinthosols and explains the
spatial variability of maize grain yield in the Lubumbashi region. The central hypothesis
is that alleviating mechanical constraints, together with chemical enrichment of the soil,
enhances the functional root zone and leads to a measurable increase in maize produc-
tivity. More specifically, this study seeks to (1) characterize the spatial variability of soil
physicochemical properties within the functionally restored 0–40 cm layer; (2) identify the
dominant pedological factors structuring edaphic variability under conditions of improved
exploitable depth; (3) quantify the relative contribution of these properties to maize yield
variability across blocks; and (4) determine the most decisive soil factors for productivity in
order to optimize the integrated management of Plinthosols in tropical agricultural systems.
These objectives translate into the following research questions: (i) To what extent does
restoring a functionally exploitable depth improve maize yield in Plinthosols? (ii) Which
soil physicochemical properties best predict yield variability once mechanical constraints
are alleviated? (iii) Do structural and chemical improvements interact over time to enhance
maize productivity?

2. Materials and Methods
2.1. Study Sites

The study was conducted on the FarmCo agricultural site, located in the Lubumbashi
region, Haut-Katanga province, Democratic Republic of the Congo. The study area is
located approximately 60 km east of Lubumbashi, along the national road leading to
Kasenga, in the Kifumanshi River valley (Figure 1). The study area is located at an elevation
of approximately 1245–1300 m a.s.l. on gently undulating geomorphological surfaces
(<5% slope), underlain by schists and quartzites of the Katangan Supergroup [5].

This estate, with a total area of 660 ha, is one of the largest farms in the region, known
for its industrial production of maize grain for local processing into flour for consumption.
Its soil cover is mainly characterized by Plinthosols sensu FAO, corresponding to plinthic
ferralsols according to the WRB [48] classification. These soils are characterized by shallow
depth, high compaction of the lower horizons, and, in the case of the Ferralsols, marked
textural variability, limiting their suitability for cultivation without mechanical intervention
or appropriate amendments. In order to improve productivity, the site underwent excava-
tion of the lateritic benches, combined with deep subsoiling around the entire perimeter.
Subsoiling was carried out using a tree-shank ripper operating at a target depth of ≥40 cm,
breaking up plinthite continuity and increasing the volume of soil effectively usable by the
root system.
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Figure 1. Location of the study site, FarmCo farm in Lubumbashi in the province of Haut-Katanga.

At the same time, materials from giant termite mounds, which are abundant on the
site, were excavated and spread more or less evenly. This operation aimed to level the
ground and make use of these materials as soil amendments, thanks to their richness in
clay and basic cations (Figure 2). In this region, the average density of inactive constructed
by Macrotermes falciger termite mounds is estimated at around seven structures per hectare,
each with an average individual volume of around 256 m3 [12]. The total theoretically
mobilizable volume thus reaches nearly 1800 m3 ha−1.

Figure 2. (A): Plinthite blocks extracted and deposited off-site after subsoiling; (B): excavation of a
termite mound used as a source of soil amendment material; (C): Maize field in full growth after
subsoiling and amendment with termite mound material (photo credit John Banza M.).

Considering a uniform distribution of this material on the soil surface, this would
correspond to an average thickness of approximately 18 ± 2.3 cm ha−1, or the equivalent of
approximately 2000 t ha−1, based on an estimated bulk density of 1.2 g cm−3 [16]. Although
all experimental blocks received termite mound material, a larger amount was applied in
areas where plinthite had been more extensively excavated, to ensure uniform leveling of
the plot and to compensate for the volume of soil lost during subsoiling operations.
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From a climatic point of view, the region has a humid subtropical climate with dry
winters (type CW6) according to the Köppen classification [49]. The rainfall pattern con-
sists of a rainy season from November to March, a dry season from May to September,
and two transition months (April and October). Average annual rainfall is estimated at
1270 mm, while the average annual temperature is 20.1 ◦C, with extremes ranging from
8 ◦C in the cold season to 32 ◦C in the hot season [50]. Figure 3 below illustrates the
meteorological dynamics observed during the 2022–2023 and 2023–2024 growing seasons.
The variables analyzed show similar trends between the two seasons. The meteorological
data series used comes from the NASA POWER satellite database (CERES/MERRA-2;
https://power.larc.nasa.gov/data-access-viewer/, accessed on 10 February 2025). This
source was chosen due to the absence of operational and continuously functioning weather
stations in the study area, thus ensuring complete and consistent temporal coverage for the
entire period under consideration.

 

Figure 3. Meteorological characteristics recorded at the study site during the 2022–2023 and 2023–2024
growing seasons.

2.2. Sampling and Laboratory Analysis

Spatial sampling was carried out across the entire study area, covering approximately
660 ha, subdivided into ten experimental blocks (B1 to B10). In each block, five sampling
points were positioned to ensure good spatial representativeness, with one point lo-
cated approximately at the center of the block and four additional points distributed
toward the corners, while maintaining a minimum distance of 200 m from the block
boundaries to avoid edge effects (Figure 4). This approach corresponds to spatially struc-
tured sampling, designed to capture intra-block heterogeneity, rather than strictly random
computer-generated sampling.

Samples were taken using a soil auger at two depths: 0–10 cm and 0–40 cm. The
0–10 cm layer corresponds to the surface horizon, which is directly influenced by farming
practices and is of relatively constant thickness across the entire site. The 0–40 cm depth
corresponds to the area that has been made physically and chemically exploitable in this
Plinthosol by subsoiling, as the subsoiler was used at a depth of at least 40 cm. It is
therefore an appropriate functional depth for assessing the combined impact of subsoiling
and amendment with termite mound material.
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Figure 4. Soil sampling plan for the site showing the ten experimental blocks (B1–B10) and the spatial
distribution of sampling points within each block.

Although the subsoiler occasionally reached depths greater than 40 cm in blocks where
plinthite was less resistant, the 40 cm depth represents the minimum threshold at which
mechanical constraints were consistently alleviated across all sampling units. Above this
depth, rooting conditions were effectively restored and nutrient redistribution occurred,
whereas below it the plinthite layer remained limiting. Consequently, 40 cm provides
a standardized analytical depth corresponding to the volume of soil that was reliably
rendered exploitable for maize roots throughout the study area. A conceptual schematic
illustrating this restored exploitable rooting depth and its relation to plinthite is presented
in Figure 5.

Figure 5. Conceptual diagram illustrating changes in root-accessible volume before and af-
ter integrated subsoiling and amendment with termite mound materials in Plinthosols of the
Lubumbashi region.

In this study, the main analysis focused on the depth of 0–40 cm, considered to be
the active root zone of the soil after intervention. The results for the 0–10 cm layer are
presented in the Supplementary Materials to support the interpretation of the processes
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of vertical redistribution and profile mixing. A total of 100 disturbed soil samples were
collected (50 for each depth). The samples were air-dried for five days, sieved to 2 mm, and
then conditioned for laboratory analysis.

Soil analyses were carried out at the soil chemistry laboratory of Gembloux Agro-Bio-
Tech, Belgium. Soil pH was measured in water and in 1 N KCl following Van Reeuwijk [51].
Total organic carbon (TOC) was determined using the Walkley and Black wet oxidation
method [52], with a correction factor of 1.33 applied to account for incomplete oxidation.
Soil organic matter (SOM) was estimated from TOC using a conversion factor of 2, as
recommended by Pribyl [53].

Available macronutrients (Ca, Mg, K, P) and trace elements (Cu, Fe, Al, Mn)
were extracted using the ammonium acetate–EDTA method at pH 4.65 according to
Houba et al. [54]. Phosphorus was quantified colorimetrically, while cations and trace
metals were measured using inductively coupled plasma optical emission spectrometry
(ICP-OES). All analytical procedures followed internationally recognized standards and
are well suited to ferrallitic and plinthic tropical soils, where ferric and aluminous phases
require complexing extractants to ensure reliable quantification.

2.3. Yield Determination

The grain maize yield was measured in a 1 m2 plot repeated at least five times in
each block, following the formula of Tandzi & Mutengwa [55] (Yield; Equation (1)). This
method is widely used in agricultural operations because it allows for a quick and accurate
estimation of yields [56]. During the first growing season (2022–2023), 41 observation plots
were marked out across the entire site. The geographical coordinates of each plot were
recorded using a Garmin 66R GPS (accuracy < 1 m), which made it possible to relocate and
sample the same 41 locations during the second season (2023–2024), thereby ensuring full
spatial comparability of yield measurements between seasons.

Yield (kg ha−1) =

[(
number o f rows o f grain per ear × number o f ears per m2

100

)
×

(
Weight o f 1000 − grains (g)

10, 000

)
× 10, 000

]
(1)

During both growing seasons, maize (variety SC719) was cultivated over a full production
cycle of approximately 210–215 days (late November to late June), based on sowing dates ranging
from 22 November to 2 December and harvest dates from 22 to 30 June across blocks. The crop was
sown at a spacing of 0.75 m × 0.25 m, corresponding to a density of 53,333 plants ha−1. Cultivation
practices were uniform across all blocks: mechanical soil preparation (plowing + harrowing), sowing,
mineral fertilization, and pre-emergence herbicide application. A basic NPK fertilizer (10-20-10) was
applied at sowing at a rate of 200 kg ha−1, followed by urea 45 days after sowing (200 kg ha−1).

Between the two growing seasons, all blocks were managed uniformly. After harvest, crop
residues were left on the soil surface until the onset of field operations for the following season.
Prior to sowing, residues were incorporated by plowing followed by harrowing, and no additional
amendments or mechanical deep tillage were applied beyond the initial subsoiling operation. The soil
surface remained bare during the dry season due to the absence of cover crops, which is standard prac-
tice in the region and reflects operational conditions on the site. This uniform management ensured
that seasonal differences in yield could not be attributed to contrasting inter-season soil treatments.

2.4. Spatial Analysis of Yield

In order to characterize the spatial variability of grain maize yield at the scale of the study area,
a geostatistical analysis was performed using ArcGIS 10.8.1. Several interpolation methods were
tested [57]. Four main classes of interpolation approaches were considered. Kriging is a geostatistical
method that predicts unsampled values using variogram-derived spatial autocorrelation. Inverse
Distance Weighting (IDW) is a deterministic method in which estimated values are calculated as a
distance-weighted average of nearby observations, giving more influence to closer points. Spline
interpolation fits a smooth surface through measured points by minimizing curvature, while its
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“Spline With Barriers” variant constrains surface fitting to respect spatial discontinuities such as block
boundaries. In this study, “barriers” correspond to block boundaries digitized as spatial disconti-
nuities. These boundaries constrain interpolation to respect historical and operational differences
between blocks, preventing artificial smoothing across management units and preserving the spatial
structure of yield variability. Natural Neighbor interpolation estimates values based on the pro-
portionate area shared between Voronoi polygons of sampled and prediction locations, producing
smooth transitions while avoiding overshooting and preserving local gradients [57]. Kriging was
explored based on the analysis of semivariograms, but no clear spatial dependency structure could
be identified, justifying its exclusion (Figures S1 and S2). The Inverse Distance Weighted (IDW)
and Spline were also evaluated, but generated significant visual artifacts, including “bull’s eye”
effects, reflecting unrealistic interpolation. Conversely, the Natural Neighbor and Spline With Barriers
methods produced visually consistent interpolated surfaces that were better suited to the distribution
of points.

To decide between the two models, automated cross-validation was performed in ModelBuilder,
running 100 simulation iterations. At each iteration, 90% of the data was used for model calibration
and the remaining 10% for validation, using a random resampling procedure. Predictive performance
was evaluated using two complementary statistical indicators: (i) root mean square error (RMSE),
which quantifies the average difference between observed and predicted values, with low values
(ideally <1 t ha−1 for yield) indicating better model accuracy [58]; and (ii) bias, which measures the
model’s tendency to overestimate or underestimate the variable of interest, with a value close to zero
indicating the absence of systematic bias and greater reliability of predictions [59]. The two metrics
were calculated according to (RMSE; Equation (2)) and (Bias; Equation (3)):

RMSE =

√
1
n ∑n

i=1

(
Pobs (i) − Ppred(i)

)2
(2)

Bias =
1
n ∑n

i=1

(
Pobs (i) − Ppred(i)

)
(3)

where n is the total number of samples used in the validation procedure, Pobs (i) is the value of the
i-th observation in the validation dataset, and Ppred (i) is the predicted value for the i-th observation.

The cross-validation results indicate that the Spline With Barriers method has the lowest RMSE
values and a bias close to zero. This reflects greater prediction accuracy and a reduction in interpola-
tion artifacts, particularly in areas where the spatial continuity of the phenomenon is constrained.
As a result, Spline With Barriers was selected as the optimal method for interpolating observed
yields and generating the spatial maps used in this study (Figure S3). After spatial interpolation of
yields and generation of the associated maps, the soil sampling points were superimposed on the
interpolated surfaces. This superimposition made it possible to extract, for each georeferenced point,
the estimated yield value at the corresponding pixel. The measured soil data were then matched to
the interpolated yields, ensuring a consistent spatial coupling between soil properties and observed
production. This soil-yield matching served as the basis for subsequent statistical analyses, including
correlation matrices and regression models.

2.5. Statistical Analyses

First, an exploratory analysis of the data was performed to visualize the distribution of soil
properties at a depth of 0–40 cm, corresponding to the area effectively made usable (physically and
chemically) by subsoiling. Violin plots, superimposed on individual values, were used to illustrate
distribution density, dispersion, and unit observations [60]. For comparative and complementary
purposes, the surface layer (0–10 cm) was also analyzed and presented in the Supplementary Materials.
This visual step made it possible to identify dominant trends, detect possible extreme values, and
assess the vertical stratification of soils before undertaking inferential statistical analyses.

In order to compare soil properties between the two depths studied (0–10 cm and 0–40 cm),
a one-way analysis of variance (ANOVA) was performed for each parameter. The normality of
the residuals was verified using the Shapiro–Wilk test [61]. When the normality assumption was
not met (p < 0.05), a nonparametric Wilcoxon–Mann–Whitney test was used as an alternative. The
significance threshold was set at p < 0.05. The effect size (η2, eta-squared) was also calculated to assess
the magnitude of the difference observed between depths. The η2 values were interpreted according
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to the thresholds proposed by [62], namely: small effect (η2 < 0.06), moderate effect (0.06 ≤ η2 < 0.14),
and large effect (η2 ≥ 0.14). Comparative analyses between the 0–10 cm and 0–40 cm horizons
(presented in Supplementary Materials, Table S1) indicate that only total organic carbon content and
available phosphorus differ significantly between the two depths (p < 0.05), with higher values at the
surface. The other properties show no statistically significant differences, confirming the dominant
role of parent material and subsoiling in the chemical structure of the 0–40 cm profile. These results
support the choice of considering the 0–40 cm depth as the central functional zone for analyzing soil
fertility and maize yield.

Given the high spatial heterogeneity observed for several soil properties, coefficients of variation
(CV%) were calculated and added to the descriptive statistics presented in Table S1. This additional
metric complements the minimum, maximum, mean, and standard deviation values, and allows
a clearer assessment of the relative dispersion of each soil variable in this heterogeneous plinthic
landscape. Potential extreme values in soil chemical properties were visually examined through violin
plots and box-whisker distributions. No observations were removed, as all values were regarded as
realistic within the natural pedological and geochemical variability of Plinthosols in the Lubumbashi
region, where localized enrichment in metallic elements is common. Instead of excluding these
values, non-parametric tests were applied when normality was not met, limiting the influence of
skewed distributions while preserving the empirical variability of the dataset.

Beyond the univariate analysis, a multivariate approach was employed to explore the relation-
ships between soil properties and identify the dominant pedogenetic processes structuring the site’s
variability. This analysis was applied mainly to data measured at a depth of 0–40 cm. As a supple-
ment, the same analysis was also performed on data from 0 to 10 cm. The data were standardized
beforehand, and the distance matrix was constructed using the metric 1 − |r|, where r represents
Pearson’s correlation coefficient. This metric was chosen because it allows variables with similar
behaviors to be grouped, regardless of the sign of their correlation, which is particularly relevant
in tropical soils where antagonistic interactions between certain elements can coexist. Hierarchical
classification was then performed using the average linkage method, recognized for its robustness
and stability in the analysis of multivariate environmental data [63].

Next, to link soil characteristics to yield, and in order to ensure the statistical independence
of observations and avoid pseudo-replication, maize yield was considered as a single value per
block. Thus, for each block, the average of the yields obtained during the two growing seasons was
calculated and used as the response variable in the analyses. This choice reduces the influence of
seasonal fluctuations related to climatic or operational conditions and represents a yield that integrates
the structural productive potential of the block rather than a cyclical effect. This average value was
then used as the dependent variable for correlation analysis and multiple linear regression modeling.

On this basis, a correlation analysis and multiple linear regression modeling with stepwise
selection were performed to identify the soil properties explaining the variability in average yield
between blocks. A Spearman correlation matrix was first used to detect variables with a significant
relationship to yield. The overall model was then constructed using stepwise selection (forward and
backward), guided by the Akaike information criterion (AIC), to select the most optimal model [64,65].
Redundancy between variables was checked using the Variance Inflation Factor (VIF), with only
those with a VIF < 3 being retained [66,67]. The performance of the final model was evaluated using
the coefficient of determination (R2), the root mean square error (RMSE), and the significance of the
coefficients (p < 0.05) [58].

The model predictors were constructed from soil properties measured at two functional depths:
0–10 cm, representing the surface horizon directly influenced by the termite mound amendment,
and 0–40 cm, corresponding to the root zone actually exploited by maize after subsoiling. This dual
approach allows for the integration of both the immediate effects of surface amendment and the
physical and chemical conditions controlling root exploration at depth. The Depth0–40 cm variable
represents the exploitable depth of the soil before the appearance of a limiting layer (plinthite, stones,
hardening, or heavy compaction) after subsoiling. This approach allows for the integration of the
vertical continuity of the profile, unlike the exclusive use of the surface.

As the model is calibrated only with data measured between 0 and 40 cm, it is applicable
within this range of validity. Thus, any greater depth observed in the field (>40 cm) is reduced to
40 cm, as no empirical information is available beyond this limit. This choice avoids extrapolation
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outside the domain, which is a source of bias in statistical models [68]. The yield prediction equation
was expressed using unstandardized coefficients, while standardized beta coefficients and their
95% confidence intervals were used to compare the relative importance of the predictors [69]. All
statistical analyses and figure generation were performed in R (version 4.5.1), using the tidyverse,
broom, ggplot2, and FactoMineR packages (version 2.11) [70].

3. Results
3.1. Distribution of Soil Physicochemical Properties at 0–40 cm

Figure 6 shows the distribution of the main physicochemical properties of the soil at a depth of
0–40 cm. The results indicate a high spatial heterogeneity of most parameters, reflecting the variability
of edaphic conditions within the study area, which is characteristic of Plinthosols subject to marked
morphological and water constraints.

 

 

 

 

 

Figure 6. Distribution of soil physicochemical properties at 0–40 cm after subsoiling and amendment
with termite mound materials at the study site. TOC refers to total organic carbon and OM to soil
organic matter. Each point corresponds to an individual observation (n = 50), while the width of the
violin represents the probability density of the values for each variable analyzed.
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The high Fe, Al, and Mn contents observed at this depth confirm the dominant influence of
oxide-rich parent material, a signature of ferrallitization and plinthification processes. Conversely,
available base cations such as Ca, Mg, and K, together with Cu, exhibit more widespread and spatially
heterogeneous distributions within the 0–40 cm layer. These patterns indicate a stronger vertical
variability in this functional zone compared with the surface horizon. Such distributions may be
compatible with a partial vertical reorganization of elements within the profile; however, in the
absence of control plots, no specific effect can be attributed to subsoiling or to the termite mound
amendment. This heterogeneity suggests that the 0–40 cm layer functions as a chemically more
contrasted rooting environment, which may influence nutrient accessibility for plants.

Detailed results for the surface layer (0–10 cm), a horizon directly influenced by farming
practices and with a constant thickness, are presented in the Supplementary Materials for comparison
(Figure S4).

In addition to the graphical exploration, the descriptive statistics further confirm strong spatial
variability across the profile (Table S1). At 0–10 cm, total organic carbon (TOC) ranged from 0.4 to 2.3%
(mean 1.4%), available P from 0.7 to 148.8 mg kg−1 (mean 27.7 mg kg−1), and extractable Mn
from 8.6 to 567.9 mg kg−1 (mean 183.3 mg kg−1). Comparable variability was observed at 0–40 cm,
where TOC ranged from 0.13 to 3.6% (mean 1.0%), available P from 0.35 to 96.7 mg kg−1 (mean
17.1 mg kg−1), and extractable Mn from 5.9 to 702 mg kg−1 (mean 177.1 mg kg−1). Comparisons
between depths revealed significant vertical differentiation only for TOC and available P (p < 0.05),
with higher values in the surface layer, whereas all other properties showed no significant differences
according to one-way ANOVA or Wilcoxon tests when normality was not met. Coefficients of
variation (CV%) further confirmed high dispersion for several variables—particularly P, Mn, and
Ca—indicating that spatial heterogeneity remains a dominant feature of these plinthic soils despite
mechanical and chemical restoration efforts.

3.2. Relationships Between Soil Properties and Identification of Dominant Pedogenic Processes

The results of the hierarchical classification applied to the properties measured in the 0–40 cm
horizon show the coexistence of three major pedogenetic processes structuring the current functioning
of the Plinthosol after subsoiling and amendment with termite mound materials (Figure 7).

The first process groups available base cations (Ca, Mg, K), copper, and manganese together
with soil pH, indicating a strong covariation among these variables. This pattern is consistent with
the known role of basic cations in modulating soil acid–base status in highly weathered tropical
soils. Although termite mound materials are typically enriched in Ca and Mg, the present observa-
tional design does not allow us to determine the extent to which their distribution results from the
amendment, subsoiling, or pre-existing soil conditions. Nonetheless, the association between these
cations and pH suggests a shared underlying pedochemical control influencing exchange complex
saturation within the 0–40 cm layer. This process limits the excessive solubilization of manganese, a
potentially toxic element in highly acidic conditions, and generally improves the chemical conditions
in the rhizosphere. The presence of K and Cu within this group indicates that these nutrients exhibit
similar spatial patterns to the base cations and pH. While termite mound materials are known to
contain appreciable amounts of K and micronutrients, the observational nature of the study does not
allow us to attribute their distribution specifically to the amendment or to subsoiling. Instead, their
co-association suggests that these elements are governed by shared pedochemical factors influencing
nutrient availability within the root-accessible layer.

The second process is mainly controlled by both total organic carbon (TOC) and organic matter
(OM), which is closely associated with aluminum (Al). This grouping reflects a strong functional link
between organic matter and aluminum dynamics in tropical acidic soils. Organic matter plays a key
role in the complexation of Al3+, reducing its mobility and toxicity to roots. This mechanism is an
essential lever in improving the functional fertility of Plinthosols, as it mitigates the harmful effects
of aluminum toxicity while enhancing the soil’s exchange capacity.

https://doi.org/10.3390/environments13010052

https://doi.org/10.3390/environments13010052


Environments 2026, 13, 52 12 of 29

 

Figure 7. Hierarchical classification of physicochemical properties at 0–40 cm. The dendrogram
represents the hierarchical classification of soil properties measured at this depth. The distance matrix
was calculated using metric 1 − |r|, based on Pearson’s correlation coefficient, and groupings were
performed using the average linkage method. Colored rectangles indicate the main clusters of soil
properties corresponding to dominant pedogenic and functional processes discussed in the text.

Finally, the third process closely links iron (Fe) and phosphorus (P). This association reflects the
control of phosphorus availability by iron oxides and hydroxides, a process characteristic of highly
altered ferralitic and plinthic soils. The strong chemical affinity between P and Fe leads to phosphorus
fixation, limiting its bioavailability to plants, despite measurable levels in the soil. This group thus
reveals one of the major mechanisms constraining phosphate nutrition in these tropical systems.

Overall, the organization of variables in the dendrogram is not solely the result of statistical
structuring, but reflects a coherent and hierarchical pedogenetic functioning at 0–40 cm. These results
indicate that the soil properties measured within the 0–40 cm layer display a chemical and functional
organization that is consistent with what would be expected in a less restrictive rooting environment.
While the study design does not allow us to attribute this configuration specifically to subsoiling
or to the addition of termite mound materials, the observed patterns suggest that the combined
field interventions applied in this system are associated with a root zone that is less limiting for
maize development.

The hierarchical classification at 0–10 cm (Figure S5) shows a broadly similar chemical organiza-
tion, but with a stronger influence of surface amendment and cultivation practices. This comparison
confirms that the dominant pedogenetic processes identified at 0–40 cm are already initiated at the
surface, while their full functional expression emerges within the mechanically restored rooting zone.

3.3. Spatial Variation in Grain Maize Yield After Subsoiling and Spreading Termite
Mound Material

Figure 8 illustrates the spatial distribution of grain maize yield across the entire study area
for the two growing seasons (2022–2023 on the left, 2023–2024 on the right), after subsoiling and
the addition of termite mound material. Yields vary greatly across the area, with values ranging
from less than 2.3 t ha−1 to more than 11.1 t ha−1 depending on the zone. During the first season,
distribution is heterogeneous: some blocks show low yields, while others achieve significantly higher
levels, particularly in areas located in low-lying topographical positions near the river, where soil
moisture is likely to be more favorable.
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Figure 8. Spatial distribution of grain maize yield after subsoiling and addition of termite mound
material. Left: 2022–2023 growing season and right: 2023–2024 growing season. B = blocks (B1–B10).

During the second season, there is a general improvement in yield in almost all blocks, with an
average gain of about one ton per hectare. Blocks B8 and B10 continue to have lower yields overall, as
in 2022–2023, but some sub-sectors within these blocks show considerable improvement. This trend
suggests a cumulative effect of subsoiling and the addition of termite mound material, the impact of
which increases as the amendments are incorporated into the soil profile.

3.4. Correlations Between Soil Properties (0–40 cm) and Average Maize Yield

The correlation heatmap summarizes the relationships between soil properties at 0–40 cm and
mean maize yield following subsoiling combined with termite mound amendments (Figure 9). Yield
shows weak to moderate positive correlations with pH (r = 0.15 for pH water; r = 0.13 for pH KCl),
organic matter and total organic carbon (r = 0.30 and r = 0.36), as well as available P (r = 0.15) and
base cations such as Ca and Mg (r = 0.21 and r = 0.11). Although these coefficients indicate limited
linear dependence, they consistently identify these parameters as the soil properties most positively
associated with yield in the restored root zone.

Several strong internal correlations among soil properties are also evident. Extractable Cu
shows a marked positive association with pH (r = 0.80 for pH water; r = 0.78 for pH KCl), while
Mn displays a moderately positive association (r = 0.66 and r = 0.65). Organic matter and TOC
are strongly negatively correlated with metals, particularly Cu (r = −0.91), Mn (r = −0.75), and Fe
(r = −0.47), indicating clear internal structuring among the soil properties measured at this depth. A
strong positive correlation is also observed between Ca and Mg (r = 0.77).

In contrast, correlations between yield and metals are negative, with Mn (r = −0.49) showing
the strongest association, followed by Al (r = −0.27), Fe (r = −0.18), and Cu (r = −0.14). These
patterns indicate that metallic elements remain among the soil properties most negatively associated
with yield under the explored conditions. This indicates that yield variability in restored Plinthosols
primarily reflects the combined influence of reduced acidity, increased effective rooting depth, and
partial mitigation of metal-related constraints. Correlation patterns observed in the 0–10 cm surface
layer (Figure S6) broadly mirror those found at 0–40 cm, but with consistently weaker coefficients,
suggesting that surface chemistry alone does not fully explain yield variability and reinforcing the
importance of the subsoiled layer as the effective root exploration zone.
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Figure 9. Correlation matrix between mean maize yield (Yield_mean) and physicochemical properties
at 0–40 cm. Each cell represents the Pearson correlation coefficient (r), illustrated by a color gradient
(blue = positive correlation, red = negative correlation, white = no relationship). Asterisks indicate
the level of statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.5. Maize Yield Modeling: Multiple Linear Regression with Stepwise Selection

The stepwise model correctly predicts the observed maize yield, with an R2 of 0.63 and an
average error of 0.60 t ha−1, confirming a satisfactory correspondence between measured and
estimated values (Figure 10a). Based on the selected predictors (depth0–40, pH(KCl), TOC, and
Mn), the relationship between soil properties and maize yield can be expressed using the predictive
Equation (Yield, Equation (4)):

Yield
(

t ha−1
)
= −1.03 + 0.11 Depth0−40 + 0.87 pHKCl + 2.62 TOC − 0.1 Mn (4)

Visualization of the standardized beta coefficients clearly shows the relative weight of each
variable in the model (Figure 10b). Among the predictors selected, total organic carbon (TOC) has
the strongest positive influence on yield, with the highest standardized beta coefficient in the model,
indicating that it is the most influential positive predictor of yield. This means that an increase in
total organic carbon is associated with a proportional increase in yield, all other things being equal.
KCl pH also has a marked positive effect, indicating that lower soil acidity is associated with higher
yields. The variable depth0–40 cm, representing soil conditions up to a depth of 40 cm, also contributes
positively to yield. This confirms that blocks with usable soil at greater depths have higher yields.
In contrast, extractable manganese is the only predictor with a negative coefficient. Its beta value
(−0.69) indicates that high Mn content is associated with a decrease in yield, suggesting that Mn can
be a limiting factor when its concentration becomes excessive.
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Figure 10. Final regression model explaining average maize yield (n = 20). (a): relationship between
observed and predicted average yield. The solid blue line represents the fitted linear regression, while
the dashed black line indicates the 1:1 line (perfect agreement between observed and predicted values).
(b): standardized beta coefficients of the selected variables, with their 95% confidence intervals. The
20 observations correspond to the 10 blocks for which the yield was obtained at two depths (0–10 cm
and 0–40 cm). For each block, the yield used in the model is the average of the two growing seasons,
ensuring the statistical independence of the data and avoiding any pseudo-replication.

4. Discussion
4.1. Distribution and Functional Significance of Physicochemical Properties at 0–40 cm

The distribution of soil physicochemical properties at a depth of 0–40 cm reflects significant
spatial heterogeneity within the study area, reflecting the functional complexity characteristic of
Plinthosols subject to both morphological constraints (irregular presence of plinthite) and targeted
anthropogenic interventions (subsoiling and amendment with termite mound materials). This depth
corresponds to the zone that is effectively made physically and chemically exploitable by maize
thanks to subsoiling (≥40 cm), making it a particularly relevant functional unit for interpreting the
actual functioning of the profile and the edaphic processes influencing productivity. The relatively
high concentrations of Fe, Al, and Mn observed at 0–40 cm suggest the expression of plinthite,
which is characterized by high concentrations of Fe, Al, and Mn [48,71–73]. These redox-sensitive
elements contribute to the stabilization of the mineral structure but also constitute potential chemical
constraints, particularly through phosphorus fixation and aluminum or manganese toxicity under
acidic conditions [1,74–76]. Their variability at this depth suggests heterogeneity in the degree
of weathering and water dynamics within the profile, closely linked to the spatial distribution
of plinthite.

Conversely, available cations (Ca2+, Mg2+, K+) and Cu display more widespread and heteroge-
neous distributions within the 0–40 cm layer. Such patterns suggest partial vertical redistribution of
these elements, although the observational design of the study does not allow us to attribute these
distributions specifically to subsoiling or to the addition of termite mound materials. Termite mound
materials are known to be rich in fine clays, organo-mineral colloids, and basic cations, which can
contribute to enriching the exchange complex and increasing cation exchange capacity [39,77–79].
Likewise, subsoiling is reported in the literature to break compacted horizons and enhance macropore
continuity, thereby favoring percolation, solution movement, and deeper root exploration [28,80–83].
The patterns observed here are consistent with these mechanisms described in tropical soils, where
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increasing the depth of soil effectively exploitable by roots is considered an agronomic lever as
influential as chemical fertility enhancement [1–3,5].

Thus, the variability observed at 0–40 cm reflects not only the pedogenetic heritage of the soil
but also the functional reconfiguration of the profile induced by the practices applied. This level then
becomes a hybrid soil compartment, marked both by the geochemical signature of the parent plinthic
material and by the secondary effects of soil amendment and deep tillage. This transformation
largely explains why the exploitable depth appears as a structuring variable in subsequent analyses,
particularly in the regression model explaining maize yield.

The results for the surface layer (0–10 cm), which is directly influenced by cultivation prac-
tices and has a more consistent thickness across the site, are presented in Supplementary Materials
(Figure S1) for comparison. Their analysis confirms the vertical consistency of the profile’s function-
ing while reinforcing the relevance of choosing the 0–40 cm depth as the central reference for the
agronomic and pedological interpretation of this study.

A limitation of this study is the absence of untreated control plots and pre-intervention baseline
measurements, which prevents direct causal attribution of the observed soil and yield patterns to the
management practices. Consequently, our interpretation focuses on spatial variability and soil–yield
associations within the mechanically loosened depth (0–40 cm), in line with mechanisms described in
the literature for plinthic and ferrallitic soils. In addition, while this concentration-based approach
allows for a detailed characterization of soil chemical dynamics, a more comprehensive assessment
of biogeochemical functioning could be obtained by calculating nutrient stocks. Such an approach,
integrating the measured concentrations, bulk density, and actual usable depth at each point, would be
a relevant way to better quantify the effective nutrient reserves in this highly spatially heterogeneous
landscape and to refine long-term management recommendations for cultivated Plinthosols.

Moreover, because no control plots without subsoiling and/or without termite mound amend-
ment were available, the respective contributions of mechanical loosening and chemical enrichment
cannot be disentangled. As a consequence, the observed variations in rooting depth, soil chemical
properties and maize yield should be interpreted as associations characterizing the soil conditions
under the current management system, rather than as causal effects attributable to either practice
individually or to their combined action. While the reduced stratification of nutrients and the
progressive yield increase across seasons are consistent with the combined influence of subsoiling
and termite-derived amendments, these trends cannot be conclusively assigned to one intervention
independently. Therefore, our interpretation focuses on the agronomic consequences of restoring a
mechanically and chemically exploitable rooting depth, acknowledging that the relative weight of
each component remains unresolved in the absence of non-intervened controls.

Although available nutrients in this study were extracted using the ammonium acetate–EDTA
(AAAc-EDTA) method at pH 4.65, which is widely applied in acidic tropical soils [54], it is important
to acknowledge that the extraction efficiency and selectivity of this method can change as soil pH in-
creases due to amendments. In particular, the incorporation of termite mound materials—rich in basic
cations such as Ca, Mg, and K—can locally raise soil pH [39,84], reducing the extractability of some
nutrients by AAAc-EDTA and affecting the relative responses of individual elements. Under these
conditions, alternative extractants such as Mehlich-3 [85] or Olsen bicarbonate [86] have been shown
to provide more consistent estimates of plant-available phosphorus and cationic micronutrients
across a broader pH range. Nonetheless, AAAc-EDTA was retained in the present study to maintain
comparability with regional soil databases and because most samples remained within acidic to
moderately acidic conditions. Future research should include comparative extractions (AAAc-EDTA
vs. Mehlich-3/Olsen) to evaluate how changes in pH following termite mound amendment may
influence the interpretation of nutrient availability and fertility status.

4.2. Organization of Soil Properties and Dominant Pedogenic Processes

Analysis of the hierarchical classification carried out on the properties measured in the 0–40 cm
horizon shows the existence of three major pedogenetic processes that structure the current func-
tioning of the Plinthosol after subsoiling and amendment with termite mound materials. The first
process is dominated by available base cations (Ca, Mg, and K), associated trace metals (Cu and
Mn), and soil acidity indicators (pH in water and KCl), reflecting an acid–base regulation process
typical of tropical soils enriched in basic cations. This structure reflects direct control of the soil’s

https://doi.org/10.3390/environments13010052

https://doi.org/10.3390/environments13010052


Environments 2026, 13, 52 17 of 29

acid-base status through the enrichment of basic cations linked to the incorporation of termite mound
materials. These materials, known for their richness in fine clays and exchangeable bases, help to
increase pH, improve cation exchange capacity, and rebalance the adsorbing complex in initially very
acidic soils [17,39,40,77,87,88]. The increase in Ca and Mg promotes gradual deacidification of the
environment and limits the excessive solubility of Mn, an element that can become phytotoxic [89–91]
under the acidic conditions characteristic of unamended Plinthosols. This close relationship between
pH, available base cations, and Mn therefore reflects a chemical regulation process induced by the
amendment, contributing to the creation of a soil environment that is less restrictive for root develop-
ment. The presence of Cu and K in this process reinforces the hypothesis of direct enrichment of the
root zone with essential nutrients, linked to bioturbation and the vertical redistribution of termite
mound materials after subsoiling.

The second process is structured around organic matter, total organic carbon, and aluminum.
This association reveals the central role of organic matter in regulating aluminum toxicity in acidic
tropical soils [1]. Organic matter can complex Al3 + through organo-metallic bonds, thereby reducing
its mobility and availability in a form that is toxic to roots [1,92–94]. This complexation helps to reduce
chemical stress on the root system and improve conditions for water and nutrient absorption [95]. In
addition, the increase in organic matter, stimulated by the addition of termite mound material rich in
stabilized organo-mineral compounds, improves the soil’s buffering capacity, structure, and exchange
capacity [96–98]. This process, therefore, plays a fundamental role in improving the functional fertility
of Plinthosols, helping to simultaneously reduce acidity and aluminum toxicity, two major constraints
on maize yield in these tropical environments [1].

The third process closely links iron and phosphorus, confirming that P availability is controlled
by the oxide phases of the subsoil [74]. In plinthic soils, Fe and Al oxides have a strong chemical
affinity for P and can immobilize it through ligand exchange bonds [1,75]. This interaction explains
why, despite the measurable presence of phosphorus in the soil, its availability to plants remains
limited, thus constituting a persistent constraint on the phosphorus nutrition of maize. Subsoiling,
although it does not directly alter the chemical affinity between Fe and P, does allow roots to explore
a larger volume of soil, thereby increasing the likelihood of accessing areas where phosphorus can be
locally mobilized. This process suggests that yield improvement is not solely dependent on increased
nutrient concentrations but also on an expansion of the functional soil volume accessible to the
root system.

Thus, the organization of variables observed in the dendrogram is not a simple statistical result:
it reflects a change in the pedogenetic status of the soil, which is evolving toward a less acidic state,
better supplied with available base cations, less constrained by aluminum toxicity, and characterized
by a deeper and more functional root zone. This evolution reflects a transition from Plinthosol to an
agropedological functioning more favorable to nutrient absorption and, consequently, to a sustainable
increase in maize productivity. The results corresponding to the 0–10 cm depth, characterized by a
more constant thickness but a more direct influence of surface cultivation practices, are presented
in Supplementary Materials (Figure S2) for comparison and confirm the vertical consistency of the
observed pedogenetic functioning.

However, the identification of these dominant pedogenetic processes suggests that spatial
mapping of these mechanisms could be considered in future work. Such an approach would make it
possible to better discriminate, at the plot level, between areas with high agronomic potential and
those subject to major pedochemical constraints in order to more finely target management and
amendment practices for Plinthosols.

4.3. Spatial Variability in Yield After Subsoiling and Amendment

The high spatial heterogeneity of observed yields (2.3 to 11.1 t ha−1) reflects the strong spatial
variability of soil conditions across the site. These patterns are consistent with the fact that subsoiling
and termite mound amendments had been implemented operationally across the study area; however,
in the absence of untreated control plots, the study cannot attribute this heterogeneity directly to
either intervention. These values are significantly higher than the regional averages typically reported
for maize in Haut-Katanga, where farmers obtain less than 1 t ha−1 under traditional practices [11,99],
and they also exceed the upper range generally achieved in improved systems relying primarily
on fertilization, varietal improvement and genetic progress (≈1.5–8.5 t ha−1; [9,99–102]). This sug-
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gests that restoring the exploitable rooting depth can unlock yield levels beyond those commonly
reachable through nutrient enrichment alone. Thus, our findings reinforce previous work showing
that increased rooting depth is a primary determinant of maize performance under compacted
soils [26,35,46,103,104], while extending current knowledge by demonstrating that gains can surpass
those obtained through fertilization alone when chemical and physical restoration act together.

No laboratory characterization of termite mound materials was performed in this study, as sam-
pling occurred after their incorporation during operational fieldwork. However, previous analyses
conducted in the same region indicate that these materials are generally enriched in fine clays, Ca,
Mg, K, Fe and exchangeable bases [13,33,77,84], supporting their potential to enhance soil chemical
status. These findings align with reports showing that termite-derived amendments contribute to
structural stabilization and gradual nutrient enrichment [17,41,42,87]. Our results are consistent
with the direction of chemical improvement reported in earlier studies. They further indicate that,
within the studied system, higher yields are associated with soil conditions observed in areas where
termite mound materials and subsoiling were jointly applied. However, in the absence of untreated
control plots, these yield levels should be interpreted as spatial patterns emerging from the com-
bined management context rather than as effects attributable to chemical enrichment alone or to any
specific practice.

The highest yields correspond to blocks where exploitable rooting depth was more fully re-
stored, enabling three-dimensional root exploration and greater access to subsurface nutrients and
water. In low-lying positions near the river, water availability likely amplified this effect by reducing
drought stress during critical growth stages. This spatial behavior is consistent with studies showing
that increased root depth enhances resilience under restrictive physical conditions [37,105,106] and
that subsoiling improves macroporosity, water percolation and deep water recharge [82,107–109].
Thus, yield improvement arises not only from chemical fertility but also from structural modifica-
tion of the soil that fundamentally alters resource accessibility. Importantly, the maximum yields
observed here (>10 t ha−1) exceed values commonly reported in Ferralsols without deep mechanical
intervention [6,110,111], supporting the hypothesis that restoring exploitable depth may raise the
physiological ceiling of maize productivity in these environments.

Similar functional constraints have been documented by Nikkel & Lima [112], who demon-
strated that plinthite ironstone concretions reduce gas exchange, vegetative growth, and phenological
development in maize even when nutrients are sufficient. Although their study did not quantify
grain yield directly, the observed reductions in plant height and biomass indicate that mechanical
limitations to rooting can suppress crop performance independently of chemical fertility. In contrast,
the high yields obtained in the present study—particularly where exploitable rooting depth was fully
restored—suggest that subsoiling alleviated these growth constraints and enabled maize to realize a
higher productive potential. This comparison reinforces the interpretation that physical restriction of
rooting depth is a primary bottleneck for maize productivity in plinthic environments and that depth
restoration can unlock yield levels that are not attainable through nutrient enrichment or genetic
progress alone.

The increase in yield observed from the first to the second season coincides with relatively
comparable climatic conditions between seasons. This temporal pattern suggests that yield levels
evolved within a stable climatic context and may reflect progressive changes in soil conditions across
seasons. However, in the absence of untreated control plots, this inter-seasonal increase cannot be
attributed to cumulative or delayed effects of subsoiling or termite mound amendments but should
instead be interpreted as a temporal expression of the managed system as a whole [15,43,97,113].
Comparable time-lag effects have been observed in tropical soils amended with organo-mineral
inputs [76,111], and our study extends this understanding to restored plinthic soils.

Beyond intrinsic plinthic heterogeneity, the strong yield variability among blocks likely reflects
interactions between past management (legacy effects) and recent restoration. Previous studies
show that historical differences in fertilization and tillage can persist and modulate crop responses
even after intervention [1,111,114,115]. Our results confirm this persistence while extending current
knowledge by demonstrating that such legacies condition the agronomic expression of restored
rooting depth. Together, these findings indicate that sustained yield improvements in plinthic
tropical soils require not only physical loosening and chemical amendment but also progressive
harmonization of management practices to reduce block-to-block disparities.
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4.4. Influence of Soil Properties on Maize Yield Variability

Correlation analysis between soil properties at 0–40 cm, the depth effectively made usable by
the maize root system after subsoiling, highlights the main chemical and functional factors controlling
productivity in Plinthosols amended with termite mound materials. Unlike a strictly superficial
approach, this depth integrates both the mechanical effect of subsoiling on root volume and the
chemical effect of the amendment on the functional fertility of the profile.

The positive correlations observed between maize yield, soil pH (water and KCl), and organic
matter content (OM, TOC) confirm that reducing acidity and enriching carbon are essential levers for
productivity in these highly constrained soils. In Plinthosols, low pH is generally associated with
increased solubility of aluminum and manganese, two elements that are phytotoxic to roots [92,116].
The increase in pH observed within the 0–40 cm layer is associated with higher concentrations of Ca
and Mg and coincides with improved chemical conditions in the rhizosphere. This pH environment
is generally considered more favorable for root functioning and nutrient availability; however, in
the absence of untreated control plots, this pattern cannot be causally attributed to the addition of
termite mound materials or subsoiling alone.

The positive correlation observed between soil pH and extractable Cu in our dataset likely
reflects the strong influence of organic matter and colloidal surfaces on Cu dynamics. Higher pH
favors the formation of Cu–organic complexes and enhances adsorption onto reactive surfaces, which
can maintain Cu in extractable but non-free ionic forms [117–119]. This mechanism may explain why
extractable Cu does not decrease with increasing pH in our case, despite the commonly reported
inverse relationship between pH and metal solubility in acidic tropical soils. However, because
most studies have documented a reduction in Cu solubility with increasing pH in the absence
of strong organic complexation, further targeted investigation would be required to disentangle
the relative contributions of organic matter, pH buffering, and amendment-related inputs in this
Plinthosol system. Such work could clarify whether the observed trend is specific to the amendment
strategy used here or reflects a broader pedochemical behavior of Cu in amended plinthic soils.
In our dataset, soil pH (water/KCl) displays a strong positive association with extractable Cu
(r = 0.80/0.78) and a moderately positive association with extractable Mn (r = 0.66/0.65), whereas
no meaningful relationship is observed for Fe (r = 0.10/0.11). These contrasted responses are
consistent with the element-specific mechanisms governing metal speciation in weathered tropical
soils [1]. The marked sensitivity of Cu and Mn to pH likely reflects enhanced sorption and organo-
complexation at higher pH values, which maintain these elements in extractable, yet predominantly
non-free ionic forms [119–121]. In contrast, Fe mobility remains largely controlled by redox-driven
dissolution–precipitation cycles of Fe-(oxyhydr)oxides rather than by proton activity alone [122]. This
differential behavior provides a mechanistic explanation for the persistence of Cu- and Mn-related
yield constraints despite partial acidity mitigation, while the weaker pH dependence of Fe helps
account for its negligible statistical influence on yield variability in this system.

The positive correlation between yield and total organic carbon also highlights the structuring
and functional role of organic matter in this system. Not only does it improve cation exchange
capacity, but it also acts as a complexing agent for potentially toxic metals, reducing their mobility
and bioavailability [95,123]. The strong negative correlation between organic matter and certain
elements such as Mn, Fe, and Cu shows that organic matter plays an essential buffering role in
controlling metal toxicity within the root zone restructured by subsoiling, reflecting the role of
organic matter in complexing and stabilizing these metals, reducing their bioavailability [124,125].
Mujinya et al. [33] add that the presence of organic matter can lead to the formation of complexes
with metals such as aluminum and iron and contributes to the overall cation exchange capacity of
the soil, which affects the retention of metal cations. Thus, at this depth, organic amendments act as
fertility regulators and barriers against metal toxicity.

The positive, albeit moderate, correlations observed between yield and available base cations
(Ca and Mg) confirm that these elements not only play a nutritional role but also contribute to
acidity neutralization and aluminum desaturation of the exchange complex. In highly acidic soils,
calcium and magnesium act as chemical antagonists to aluminum, reducing its fixation on exchange
sites and limiting its absorption by roots [92]. Their increased presence in the 0–40 cm zone is
observed within the depth that is mechanically loosened and functionally accessible to the maize
root system. However, in the absence of untreated control plots, this pattern cannot be attributed
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to the amendment, to subsoiling, or to their combined effect and should be interpreted as a spatial
association rather than a causal response.

Conversely, the negative correlations observed between yield and Al, Fe, Cu, and Mn con-
firm that, despite the restoration practices implemented, the mineralogical signature of plinthitic
material remains a significant constraint in certain areas of the profile. These elements, which are
abundant in ferrallitization and plinthification processes, can become phytotoxic when their con-
centration and solubility increase, particularly in microenvironments that are still highly acidic or
poorly desaturated [48,126,127].

A comparable pattern concerns aluminum. In this study, ammonium acetate–EDTA extractable
Al concentrations range from 24.3 to 201.6 mg kg−1 at 0–10 cm and from 26.5 to 225.4 mg kg−1 at
0–40 cm, with respective means of 85.4 mg kg−1 and 94.9 mg kg−1 (Table S1). Although extractable
concentrations alone do not define a critical phytotoxicity threshold, the literature generally reports
that phytotoxic effects in maize emerge when the exchangeable Al3+ fraction exceeds ~1–2 cmolc kg−1

(≈ 90–180 mg kg−1), particularly under acidic conditions that sharply increase biologically active
Al [128,129]. Although extractable soil Al concentrations alone cannot define a toxicity threshold,
experimental work on maize indicates that phytotoxic effects emerge when root tissue Al reaches
13 mg kg−1 (dw), corresponding to reduced root elongation and biomass [130]. In our case, soil
pH values are predominantly near neutral, suggesting that most of the measured Al is likely com-
plexed with organic matter or adsorbed onto Fe/Al oxides, thereby reducing its occurrence as free
phytotoxic Al3+.

This interpretation is consistent with the moderate negative correlation observed between
aluminum and yield at 0–40 cm (r = −0.29): aluminum remains an agronomic constraint, yet less
influential than manganese (r = −0.49). This difference likely reflects the partial mitigation of Al
toxicity following the increase in pH and organic matter associated with the amendments, which
reduces the proportion of exchangeable Al3+ and limits root growth inhibition. However, the occur-
rence of locally high concentrations combined with small-scale pH variability implies that episodes of
aluminum toxicity cannot be entirely ruled out, particularly in microsites with low buffering capacity
and low organic matter content. As with Mn, future work quantifying exchangeable or soluble Al
would be required to determine the extent to which aluminum still contributes to soil constraints
limiting maize productivity in this restored system.

Manganese shows a comparable behavior but with a stronger agronomic influence. It exhibited
strong spatial variability, ranging from 8.6 to 567.9 mg kg−1 at 0–10 cm and 15.9 to 702.0 mg kg−1

at 0–40 cm, with mean values of 183.3 mg kg−1 and 177.1 mg kg−1, respectively (Table S1). These
concentrations fall mostly within the range considered adequate to moderately high for maize
(~30–250 mg kg−1, [121,128]), but local “hotspots” clearly exceed commonly reported phytotoxic
thresholds (~250–300 mg kg−1). Such elevated values may induce toxicity under acidic or poorly
buffered conditions that increase Mn solubility and plant uptake [131,132].

While Mn extractability was determined using AAAc-EDTA, this extractant primarily reflects a
potentially plant-available pool rather than the fraction that is actually taken up by roots or directly
phytotoxic. In plinthic and highly weathered tropical soils, Mn solubility and plant uptake are
strongly modulated by moisture- and redox-driven dynamics: reducing conditions during wet
phases increase the availability of Mn2+ through the reduction of Mn oxides (Mn4+, Mn3+), whereas
drying promotes re-oxidation and immobilization, limiting its availability to roots [133]. Because
such temporal fluctuations were not captured in this study—sampling was conducted at a single time
point and no Mn concentrations were measured in plant tissues—the observed negative association
between Mn and yield should be interpreted as an indicator of potential Mn-related stress rather
than direct confirmation of toxicity [134]. These redox-driven changes in Mn availability suggest
that season-dependent solubility pulses may transiently increase Mn-related constraints in maize,
beyond what can be inferred from single-time-point soil concentrations. Future work quantifying Mn
speciation under contrasting moisture conditions, combined with Mn concentrations in plant tissues,
would help determine whether reduced yield reflects direct toxicity, nutrient imbalance, or transient
redox-driven pulses of Mn availability.

The significant negative correlation between Mn and yield (r = −0.49) therefore indicates that
Mn already acts as an agronomic constraint in the mechanically loosened rooting zone (0–40 cm),
despite average concentrations remaining close to sub-toxic levels. This suggests that subsoiling
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combined with termite-derived amendments reduced Mn solubility through partial acidity mitigation
but did not fully eliminate Mn-related stress. Future research quantifying Mn speciation under
contrasting moisture conditions, together with Mn concentrations in plant tissues, would more
clearly discriminate between direct toxicity and nutrient-interaction effects. Work by Ji et al. [45] has
shown that when mechanical constraints are removed by deep subsoiling, the maize root system can
extend its exploration to approximately 35–40 cm, thereby significantly increasing the volume of soil
explored for water and nutrients. This restored functional depth in decompacted Plinthosols fully
justifies the integrated analysis of the 0–40 cm layer in the present study.

However, the fact that these correlations are observed in the 0–40 cm zone, currently accessible
to roots thanks to subsoiling, indicates an essential point: yield improvement does not depend solely
on the chemical composition of the soil, but above all on the ability of the root system to explore
a larger volume of soil. Subsoiling has broken the physical constraints associated with plinthitis,
increasing the exploitable root volume and allowing maize to access previously inaccessible water and
nutrient reserves [82,107,109]. Thus, the relationship between soil properties at 0–40 cm and maize
yield reflects a real change in the functioning of the soil–plant system. The observed productivity
results from the interaction between (i) a reduction in chemical toxicity, (ii) an improvement in soil
organo-mineral status, and (iii) an increase in the volume of soil effectively exploited by the roots.

The correlations observed in the 0–10 cm layer, presented in the Supplementary Materials
(Figure S3), show patterns similar to those identified at 0–40 cm and indicate a more homogeneous
distribution of soil properties near the surface. However, in the absence of untreated control plots,
this homogenization cannot be attributed specifically to the addition of termite mound materials
and should be interpreted as a spatial association within the managed system rather than as a direct
causal effect.

4.5. Stepwise Regression: Depth as a Direct Determinant of Yield

The multiple linear regression model constructed in this study has a coefficient of determination
of 0.63 and an average error of 0.60 t ha−1, which is a satisfactory performance for agronomic
data obtained under real field conditions. In environments subject to high spatial heterogeneity,
the literature indicates that an R2 between 0.40 and 0.60 is generally considered satisfactory [135].
Here, an R2 of 0.63 means that nearly two-thirds of the observed yield variability between blocks is
explained by soil variables, which gives the model strong explanatory power for a complex edaphic
system such as plinthic soils. This level of explicability is all the more remarkable given that no
climatic or agronomic management variables (seed density, weed control, water stress) were included,
suggesting that soil properties are one of the major determinants of yield in this pedological context.

The reliability of the statistical model is based not only on its performance (R2 = 0.63) but above
all on the rigor of the process that led to the selection of predictors. In highly altered tropical soils,
where physicochemical properties are often interdependent (pH—available cations–organic matter–
metals), the major risk is multicollinearity, which produces unstable models and coefficients that are
impossible to interpret correctly [136]. To circumvent this bias, the model was constructed using a
strategy of progressively reducing the explanatory space: only the monotonic relationship between
yield and soil properties was first verified via a robust correlation with non-normal distributions
(Spearman), before the Akaike information criterion (AIC) automatically selected the combination
of variables that best explained yield while penalizing redundant variables [64,65]. A final filter
using the variance inflation factor (VIF < 3) allowed independent predictors to be retained, ensuring
the numerical stability of the model and the validity of the estimated coefficients, an approach
recommended to avoid overfitting in environmental models [66,137]. Thus, the model does not
describe a simple statistical correlation: it identifies soil variables whose effect on yield is real,
non-collinear, and agronomically interpretable.

The use of standardized beta coefficients enhances the interpretability of the model by quantify-
ing the relative influence of each variable independently of its unit of measurement [69]. This process
revealed the importance of organic carbon, KCl pH, exploitable depth, and manganese in the model.
Organic carbon appears to be the most influential predictor of yield. This result is consistent with
the functioning mechanisms of highly altered soils, in which organic matter is the main source of
exchange complex loads and therefore the main lever of fertility [1]. The role of KCl pH confirms that
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acidity is a major limiting factor for yield, as it controls the solubility of aluminum and manganese,
two elements that become toxic when pH decreases [123,124].

The exploitable depth (0–40 cm) is a particularly interesting agronomic variable in this model. It
does not act as a simple classification factor but as a quantitative predictor reflecting functional root
volume. Each increase in exploitable depth results in an increase in the volume of soil explored by the
root system and therefore an increase in the water and nutrient reservoir. Several studies show that
increasing the exploitable soil depth can increase crop yields by up to 70%, depending on the initial
level of stress [19,25,107,109,138,139]. The fact that depth is a predictor automatically retained by
the statistical model confirms that agronomic interventions (subsoiling + termite amendment) have
permanently altered the functioning of the root system by creating a continuous exploitable horizon.

The negative influence of manganese, the last significant predictor in the model, adds a dimen-
sion of soil toxicology that is rarely included in agronomic models. The fact that Mn remains present
in the final model despite strict selection by AIC and VIF indicates that its effect on yield is real, direct,
and independent of other soil properties. This result is consistent with observations that manganese
becomes phytotoxic under acidic conditions, reducing root elongation and disrupting leaf enzyme
mechanisms [89–91,140,141]. Stoyanova et al. [116] observed a reduction in leaf chlorophyll and
stunted growth in maize due to manganese toxicity. The combination of organic surface enrichment
and a gradual reduction in acidity through deep tillage is therefore an effective lever for reducing
this risk of toxicity.

The model’s performance is also based on the methodological choice to use the average yield
of the two growing seasons for each block. This decision eliminates pseudo-replication and en-
sures the statistical independence of the observations, a necessary condition for the use of linear
models [142,143]. By doing so, the model not only captures a one-off statistical relationship but also
highlights a more robust and reproducible agronomic relationship over time, implicitly integrating
part of the interannual variability. However, the future integration of climatic variables (rainfall,
temperature, ET0), as well as agronomic parameters (seed density, residue management, water stress),
would further refine the predictive model, improve its accuracy, and strengthen its ability to be
generalized to other similar agro-pedological contexts.

The sequential procedure, consisting of correlation screening, AIC-based variable selection, and
VIF filtering, is well suited to highly interdependent tropical soils, as it isolates interpretable predictors
and reduces collinearity-driven artifacts, thereby strengthening agronomic interpretation. However,
this approach may also suppress weak interactions that could become relevant under different
environmental conditions, and its reliance on linear relationships may underestimate non-linear
or threshold-based responses. Thus, while the data-mining process provides a robust explanatory
framework for identifying key soil determinants of yield, complementary approaches such as factorial
field trials or time-series analysis would be required to fully assess causal pathways and capture
temporal variability.

5. Conclusions
This study shows that, across blocks, plinthosols managed with subsoiling and termite mound

amendments exhibit spatial associations between a deeper functionally exploitable rooting zone,
higher maize yields, and changes in soil vertical organization, acidity, organic carbon content, and
aluminum and manganese constraints. However, in the absence of untreated control plots, these
patterns should be interpreted as co-occurring spatial trends within the managed system rather
than as demonstrated causal effects of either practice. As a result, yields reached levels that are
not only well above regional averages but also exceed those commonly reported in improved
systems, demonstrating that restoring exploitable rooting depth can raise the productivity ceiling
of Plinthosols.

The pedological dynamics observed are dominated by three structuring mechanisms: (i) acid–
base regulation and enrichment in base cations; (ii) aluminum complexation by organic matter;
and (iii) the control of phosphorus availability by iron oxides. The regression model confirms that
exploitable depth, total organic carbon, and pH are the main determinants of yield, while manganese
remains a limiting factor. These findings directly address the three research questions: restoring
exploitable depth improves yield; specific soil properties—particularly pH, organic carbon, and
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Mn—explain the observed spatial variability; and structural and chemical effects interact over time
to reinforce productivity.

The main limitations of this study concern the absence of untreated control plots and the
single-time-point sampling, which do not allow the contributions of subsoiling and termite mound
amendment to be assessed at all, nor the seasonal fluctuations of Mn driven by redox cycles to
be captured. Future work integrating factorial experiments, the quantification of nutrient stocks,
climatic and hydrological data, as well as Mn concentrations in plant tissues, would strengthen causal
interpretation and enhance the predictive capacity of the models. Finally, mapping the identified
pedogenetic processes could support more targeted and sustainable management of Plinthosols
in Haut-Katanga.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments13010052/s1, Figure S1. Semivariogram of observed
grain maize yield and krigeing-predicted yield for the first growing season. Figure S2. Semivariogram
of observed grain maize yield and krigeing-predicted yield for the second growing season. Figure S3.
Performance evaluation of the interpolation methods based on root mean square error (RMSE)
and bias for maize grain yield in the study area. NN: Natural Neighbor and SWB: Spline With
Barriers. Figure S4. Distribution of soil physicochemical properties at 0–10 cm after subsoiling and
amendment with termite mound materials at the study site. Figure S5. Hierarchical classification of
physicochemical properties at 0–10 cm. The dendrogram represents the hierarchical classification
of soil properties measured at this depth. (average linkage). Figure S6. Correlation matrix between
average maize yield (Yield_mean) and physicochemical properties at 0–10 cm. Table S1. Comparison
of soil physicochemical properties between the two depths (0–10 cm and 0–40 cm) after subsoiling
and amendment with termite mound material. For each variable, the following are presented: the
minimum (min), maximum (max), mean, standard deviation (sd), coefficient of variation (CV), one-
way ANOVA result (p_anova), effect size (η2), Wilcoxon–Mann–Whitney test p-value when data do
not follow normality (p_wilcox), and Shapiro–Wilk test p-value (Shapiro_p).
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