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c Ecologie, Restauration Écologique et Paysage, Faculté des Sciences Agronomiques, University of Lubumbashi, Lubumbashi, P.O. Box 1825, Democratic Republic of the 
Congo
d Land Evaluation, Soil Conservation and Agro-Meteorology Research Unit, Faculty of Agronomy, University of Lubumbashi, Lubumbashi, P.O. Box 1825, Democratic 
Republic of the Congo

A R T I C L E  I N F O

Keywords:
Plinthite
Termite mounds
Subsoiling
Saturated hydraulic conductivity (Ksat)
Spline with barriers
Lubumbashi

A B S T R A C T

Plinthite, an iron-rich and humus-poor clay horizon that hardens irreversibly, poses major constraints to agri
culture in the Lubumbashi region. Termite mound materials, which are enriched in basic cations, combined with 
subsoiling to fragment and remove plinthite, may improve soil fertility. This study evaluated the combined ef
fects of subsoiling and termite mound amendments on Plinthosols under maize across ten blocks covering 660 ha. 
Surface soils (0–10 cm) were sampled, soil profiles were described, and maize yields were measured over two 
growing seasons. Spatial patterns of soil properties and yield were mapped using the Spline With Barriers 
method, and stepwise regression was applied to identify key variables controlling yield.

Soil thickness ranged from <9 cm in areas requiring secondary subsoiling to >73 cm in blocks B2, B5, B6, and 
B9. Soil pH (KCl) ranged from 4.1 to 7.8, while pH in water ranged from 4.9 to 8.7, with stronger acidity 
observed in blocks B8–B10. Total organic carbon (TOC) was generally low (0.4–2.5%). Nutrient contents were 
highly heterogeneous: P ranged from 5.1 to 145.5 mg kg− 1; Ca from 1360 to 18,268 mg kg− 1; K from 130.2 to 
942.0 mg kg− 1; and Mg from 238.8 to 2987 mg kg− 1. Available Al (44–293 mg kg− 1), Fe (28.1–351.7 mg kg− 1), 
Mn (4.4–669 mg kg− 1) and Cu (1.9–25.8 mg kg− 1) also showed strong spatial variability. Bulk density decreased 
with depth, and although Ksat remained low, water retention was improved in the surface layer. Maize grain 
yield ranged from 2.3 to 11.1 t ha− 1, with seasonal means of 7.1–8.2 t ha− 1. Regression models identified soil pH, 
Ca, and TOC as the main positive determinants of maize yield, whereas high concentrations of Fe, Cu, and Mn 
were associated with reduced yields.

1. Introduction

In tropical Africa, soils are characterized by low intrinsic fertility, a 
condition largely driven by climatic and pedological constraints 
(Sanchez, 2018). However, the economies of most tropical countries 
rely mainly on agriculture, a sector that must expand substantially to 
meet the pressures of rapid population growth and evolving market 
demands (Adeyanju et al., 2023; Beyene, 2023; Muhirwa et al., 2023; 
Santos et al., 2023). Recent statistics further indicate that nearly half of 
the African population faces moderate to severe food insecurity (FAO, 
2021; Gebre and Rahut, 2021).

In the Democratic Republic of the Congo, and particularly in the 
Lubumbashi region, agricultural yields remain far below the genetic 
potential of crops, thereby contributing to food insecurity among a 
population that, according to Useni et al. (2024), exceeded 2.5 million 
inhabitants in 2020. Studies in this region show that soil degradation is a 
major constraint on agricultural productivity, due in large part to the 
prevalence of highly weathered soils with limited nutrient reserves 
(Banza et al., 2019; Kasongo, 2008; Kasongo et al., 2019; Useni et al., 
2014), a situation also confirmed by the perception of local populations 
(N'tambwe Nghonda et al., 2023). These soils typically display low 
chemical fertility (Camacho et al., 2021; de Melo et al., 2020; Koppe 
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et al., 2021; Koulibaly et al., 2015; Leão et al., 2020; Maroneze et al., 
2014; Ramaroson et al., 2018; Saïdou et al., 2003), alongside the 
frequent presence of plinthite at or near the surface, as well as giant 
termite mounds (Adhikary et al., 2016; Alexandre, 2002; De Dapper and 
Malaisse, 1979; Malaisse, 2011; Mujinya et al., 2010).

The occurrence of plinthite on or close to the surface creates shallow 
or uncultivable soils with limited rooting volume, rendering these en
vironments marginal or unsuitable for sustained agricultural production 
(Brogowski and Kwasowski, 2012; Coelho and Vidal-Torrado, 2000; 
Cooper et al., 2020; Dutta et al., 2003; Fauzi and Stoops, 2004; Fritsch 
et al., 2007; Jien et al., 2010; Kumar et al., 2019; le Roux et al., 2005; 
Legros, 2013; Loke et al., 2013; O'Brien et al., 2019; Ogunwole et al., 
2001; Oluwatosin et al., 2020; Pereira-De-Oliveira et al., 2019). Plin
thite is a clay material, rich in iron and poor in humus, which hardens 
irreversibly into ironstone through repeated wetting–drying cycles 
under solar radiation (WRB-IUSS, 2015). These soils exhibit several 
inherent limitations, including the development of compact layers, 
surface crusting, and restricted water percolation, all of which hinder 
their use for agricultural production (Bilong, 1992; De Azevedo and 
Bueno, 2017; Martins et al., 2018; Silva Martins et al., 2012; Wild
emeersch et al., 2015; Yaro et al., 2008).

Population growth and the resulting increase in food demand have 
encouraged the cultivation of plinthite-affected soils (Oluwatosin et al., 
2020). To mitigate the limitations, management strategies must be 
considered (Asiamah and Dwomo, 2010). Such strategies should aim to 
enhance soil water retention, reduce erosion, stimulate microbial ac
tivity, and improve thermal and gaseous exchanges, thereby supporting 
adequate air, water, and nutrient availability for crops.

In the Lubumbashi plain, however, the shallow presence of plinthite 
combined with the abundance of giant termite mounds, represents a 
major constraint to expanding cultivated areas. There are approximately 
7 giant termite mounds per hectare, with an average spacing of 44.6 m 
and an average volume of 256 m3 (Erens et al., 2015; Mujinya et al., 
2014).

Their abundance and the high chemical quality of their materials 
(Baumgartner et al., 2021; de Lima et al., 2018; Enagbonma and 
Babalola, 2019; Eze et al., 2019; Jouquet et al., 2015; Kaschuk et al., 
2006; Mujinya et al., 2013; Padonou et al., 2020; Rajeev and Sanjeev, 
2011; Seymour et al., 2014) offer a valuable yet underutilized resource, 
particularly when these materials are spread onto soils previously 
loosened by subsoiling to break up and remove plinthite. This approach 
simultaneously increases soil thickness and enhances chemical fertility. 
Given this context, it is essential to assess how mechanical subsoiling 
and termite mound amendments may improve the properties of 
plinthite-affected soils.

This study is based on the hypothesis that: (1) incorporating termite 
mound materials increases soil depth and enhances soil fertility, thereby 
improving maize production, and (2) mechanical subsoiling improves 
soil water dynamics despite the presence of plinthite. The overall 
objective of this study is to evaluate the combined impact of subsoiling 
and termite mound materials on the fertility of Plinthosols cultivated 
with maize in the Lubumbashi region. More specifically, the study aims 
to: (i) characterize and map soil physicochemical properties to assess 
their spatial variability across the site; (ii) evaluate the influence of 
mechanical subsoiling on soil water dynamics; (iii) assess the combined 
effects of subsoiling and termite mound amendments on maize grain 
yield; and (iv) use regression models to identify the key soil variables 
explaining yield variability.

2. Methodology

2.1. Site description

This study was conducted at FarmCo, located on the outskirts of 
Lubumbashi, approximately 60 km east of the city along the Kasenga 
road in the Kifumanshi River valley. The study area is situated between 

27.756781◦ and 27.790340◦ E and 11.411949◦ and 11.441744◦ S, at an 
elevation ranging from 1150 to 1200 m a.s.l. (Fig. 1). It covers 660 ha of 
land dominated by Plinthosols according to the WRB classification 
(WRB-IUSS, 2015).

At this site, systematic excavation of the lateritic surface layers, 
combined with mechanical subsoiling to fragment and remove plinthite, 
was carried out across the entire study area during the 2021–2022 
cropping season, prior to soil sampling and yield measurements. Before 
subsoiling, the plinthic crust occurred at depths of less than 10 cm over 
nearly one quarter of the site, severely limiting the effective rooting 
depth. The subsoiling operation was performed using a three‑‑tine sub
soiler at a minimum working depth of 40 cm to break compact plinthic 
layers and increase the effective rooting depth. In parallel, materials 
from inactive Macrotermes falciger termite mounds—abundant 
throughout the area—were completely removed and spread over the 
loosened plots to expand arable land, facilitate machinery operations, 
and serve as a soil amendment (Fig. 2). FarmCo is one of the largest 
farms in the Lubumbashi region and is renowned for its large-scale 
production of maize grain for human consumption.

The outskirts of Lubumbashi have a CW6 climate according to the 
Köppen classification, characterized by a dry season (May–September), 
a rainy season (November–March), and two transition months (April 
and October) (Assani, 1999). The mean annual rainfall is 1270 mm and 
the mean annual temperature is 20.1 ◦C, with minimum temperatures 
around 8 ◦C during the coldest month and maximum temperatures 
reaching 32 ◦C during the hottest month (Malaisse, 2011).

2.2. Sampling and laboratory analysis

Transect sampling was carried out across the entire study area, 
covering 660 ha and subdivided into 10 blocks (B1-10). Disturbed soil 
samples were collected using a soil auger in the 0-10 cm layer, at 200 m 
intervals following a zigzag sampling design during the WRB, 
2022–2023 growing season, after the implementation of subsoiling and 
the incorporation of termite mound materials. In areas where the soil 
was shallow (<40 cm), the effective soil depth was measured with the 
auger down to the plinthite layer. A total of 207 disturbed samples were 
collected (Fig. 3), air-dried for five days, sieved to 2 mm, and prepared 
according to ISO 11074 standards for chemical analysis.

Soil analyses were performed at the soil chemistry laboratory of 
Gembloux Agro-Bio Tech, (Belgium). The analyses included: measure
ment of pH in water and in 1 N KCl; determination of total organic 
carbon (TOC) using the Walkley–Black wet oxidation method (Walkley 
and Black, 1934); and quantification of available elements after 
extraction with ammonium acetate + EDTA (ethylene diamine tetra 
acetic acid) at pH 4.65. The resulting extracts were analysed using a 
colourimeter for phosphorus concentration and ICP-OES (inductively 
coupled plasma–optical emission spectrometry) for calcium, magne
sium, and potassium, and trace elements (copper, iron, aluminium, and 
manganese).

In addition, a detailed description of representative ±1 m-deep soil 
profiles was carried out in accordance with the soil description guide
lines of the World Reference Base for Soil Resources (WRB, 2022). Soil 
samples were taken from the diagnostic horizons for physicochemical 
analysis. Undisturbed samples were collected from these horizons using 
Kopecky cylinders. These samples were then sent to the laboratory for 
bulk density measurement and soil water hydraulic analysis at the Soil 
Physics and Mechanics Technical Platform (PhyMeSol), Agro-Bio Tech, 
Belgium. Saturated hydraulic conductivity (Ksat) was measured using a 
constant head permeameter, and soil water retention was determined 
using the Richard apparatus.

2.3. Cross-validation

Geostatistical analyses were performed to present the results in 
spatial form using maps. To this end, several interpolation methods 
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Fig. 1. Left: Location of the study site (FarmCo) in Lubumbashi area, Haut-Katanga Province, Democratic Republic of Congo. Right: STRM-DEM (30 m resolution) 
showing the topographic variability across the study area.

Fig. 2. A: Drone image showing levelled termite mounds (white patches), B: collection and transport of plinthite fragments after subsoiling, and C: plinthite stored 
outside the cultivated plots (photo credit: John Banza M.).

Fig. 3. Soil sampling plan for the study area.
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available in ArcGIS 10.8.1 were evaluated (Johnston et al., 2001). After 
processing, the semivariogram generated for kriging did not show clear 
or stable spatial dependence in the dataset (Fig. S.1-S.3). The Inverse 
Distance Weighted and Spline models showed poor agreement between 
observed and predicted values, sometimes producing a pronounced 
“bull's-eye” artefact. Only the Natural Neighbor and Spline With Barriers 
models produced spatially realistic and coherent patterns. To differen
tiate between these two methods, cross-validation was performed using 
ModelBuilder. This validation included 100 Monte Carlo repetitions for 
each model, using 90% of the randomly selected data for calibration and 
10% for validation. This procedure was applied to each spatially rep
resented variable. The performance of each interpolation method was 
evaluated using the root mean square error (RMSE, Eq. 1) (Smith and 
Smith, 2007) and the bias (Eq. 2) (Harwell, 2018). RMSE indicates the 
dispersion or variability of prediction errors, while bias assesses sys
tematic over- or underestimation by the model. These measures were 
determined as follows: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

(
Pobs (i) − Ppred(i)

)2
√

(1) 

Bias =
1
n
∑n

i=1

(
Pobs (i) − Ppred(i)

)
(2) 

Where: RMSE is the root mean square error, n is the total number of 

validation samples; Pobs(i) is the value of the i-th observation, and Ppred(i) 
is the corresponding predicted value. Bias: the bias is better when it is 
close to zero.

After cross-validation, the Spline With Barriers model outperformed 
all other tested interpolators, exhibiting low median RMSE values and 

low, often zero, bias (Fig. S.4). Consequently, this interpolation method 
was applied to the full dataset (100%) for all the mapped variables.

2.4. Determination of yield

The grain yield of maize was measured in 1 m2 quadrats, with at least 
five replicates per block, following the formula of Tandzi and Mutengwa 
(2020) (Eq. 3). This method is considered one of the simplest and most 
rapid for on-farm yield estimation (Sapkota et al., 2016). A total of 41 
yield plots were established (Fig. 4), and the same sampling locations 
were used for both growing seasons (2022–2023 and 2023–2024) to 
ensure temporal comparability of yield measurements. Yield was stan
dardized to a grain moisture content of 13%. Regarding crop manage
ment at the site, aside from subsoiling and the application of termite 
mound material, operations included mechanized soil preparation 
(plowing and harrowing), sowing, mineral fertilization, and pre- 
emergence herbicide application, all applied uniformly across all 
blocks. Maize sowing was carried out simultaneously with the applica
tion of an NPK (10¡20¡10) base fertilizer at a rate of 200 kg ha− 1, 
followed by urea topdressing applied 45 days after sowing, also 200 kg 
ha− 1. A single maize variety was cultivated at spacings of 0.75 m be
tween rows and 0.25 m within rows, corresponding to a planting density 
of 53,333 plants ha− 1.  

2.5. Stepwise linear regression

Stepwise multiple linear regression analyses were conducted to 

Fig. 4. Spatial distribution of maize grain yield sampling plots across the study area. Sampling plots are shown within each block (B1–B10).

Yield (kg/ha) =
[(

number of rows of grain per earX
number of ears per m2

100

)

X
(

Weight of 1000 −
grains (g)

10000

)

X 10000
]

(3) 
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identify the soil factors influencing maize grain yield. Prior to regression 
modelling, Spearman's rank correlations and principal component 
analysis (PCA) were performed to explore the relationships between soil 
variables and yield. These preliminary analyses helped restrict the set of 
explanatory variables to those showing significant associations with 
yield, and these variables were subsequently used in the regression 
models.

Variable selection was performed using both forward and backward 
stepwise procedures. The optimal model was chosen based on Akaike's 
information criteria (AIC), with the model presenting the lowest AIC 
retained as it provides the best balance between goodness of fit and 
model parsimony (Venables and Ripley, 2002). The variance inflation 
factor (VIF) was the then computed to assess multicollinearity among 
predictors (Akinwande et al., 2015), and only variables with VIF <3 
were included in the final model (O'Brien et al., 2019). In addition, 
model performance was evaluated using RMSE and p-values, with sta
tistical significance set at p < 0.05 (Smith and Smith, 2007). The poly
nomial regression equation was computed to obtain unstandardized 
coefficients, which represent the direct effect of each explanatory vari
able on yield in their original measurement units. The equations were 
also used to compare predicted versus observed maize grain yields, 
based on pixel values from the maize grain yield map and field- 
measured yields. Furthermore, standardized beta coefficients and their 
95% confidence intervals were calculated to assess the strength and 
direction of the relationship between each predictor and yield 
(Nieminen, 2022). All statistical analyses were performed using R Stu
dio software (version 4.4.1) and the R statistical environment (R Core 

Team, 2025).
Fig. 5 illustrates the methodological workflow used for soil charac

terization and crop yield analysis at the study site. The procedure in
tegrates field sampling, laboratory analyses, data structuring and 
geostatistical modelling. Soil properties (0–10 cm and profile horizons) 
were analysed using both disturbed and undisturbed samples, followed 
by spatial interpolation and model cross-validation. These outputs were 
subsequently linked to maize yield data to generate soil property and 
yield maps.

3. Results

3.1. Assessment of the effectiveness of subsoiling on soil depth

Consistent with the initial site conditions, where the plinthic crust 
occurred at very shallow depths across much of the study area, several 
zones still exhibited very shallow soil layers after subsoiling. Fig. 6 il
lustrates the spatial distribution of soil thickness after mechanical sub
soiling across the entire study area. The map highlights zones with very 
shallow soil layers, in some cases less than 9 cm thick, where the subsoil 
locally outcrops at the surface, indicating the need for additional sub
soiling operations in these areas. The thinnest soils are mainly concen
trated in the central part of the concession, reflecting the strong spatial 
heterogeneity of soil depth despite the applied subsoiling treatment. In 
contrast, only blocks B2, B5, B6, and B9 are entirely characterized by 
deep soils, with soil thickness exceeding 73 cm.

Fig. 5. Methodological workflow for soil characterization and crop yield analysis.
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3.2. Spatial variation in soil chemical properties after subsoiling and 
spreading of termite mound material

3.2.1. Soil pH
Fig. 7 shows the spatial distribution of soil pH measured in KCl (left) 

and in water (right) in the surface layers (0-10 cm) after mechanical 
subsoiling and the application of termite mound material. The pH KCl 
map highlights areas with values lower than 4.1 and higher than 7.8, 
distributed across the study area. Its spatial pattern is highly heteroge
neous, with more pronounced soil acidification observed in blocks B8, 
B9, and B10, as well as in the northern part of the site near the river. In 
contrast, the central part of the site generally exhibits pH KCl values 
above 5.5, indicating less acidic to near-neutral soil conditions. A similar 
spatial pattern is observed for pH measured in water, although localized 
extremes with values below 4.9 and above 8.7 occur in specific areas 

within the study perimeter.

3.2.2. Total organic carbon
Fig. 8 shows the spatial variation of total organic carbon (TOC) in the 

surface layer (0–10 cm) after mechanical subsoiling and application of 
termite mound material. TOC values range from less than 0.4% to more 
than 2.5%, depending on location. Overall, the study area is charac
terized by generally low TOC contents, with only a few localized zones 
exceeding 2.5%, mainly within specific blocks. A slight increase in TOC 
is observed near the river, suggesting more favourable conditions for 
organic matter accumulation in this zone; however, these values remain 
moderate relative to the rest of the study area.

3.2.3. Available nutrients
The results presented in Fig. 9 illustrate the spatial distribution of 

Fig. 6. Spatial variation in soil thickness across the study area after subsoiling. B denotes the different blocks (B1-B10).

Fig. 7. Spatial variation of soil pH measured in KCl (left) and in water (right) in the 0–10 cm layer after subsoiling and application of termite mound material. B 
denotes the blocks (B1–B10).
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available nutrients in the surface layer (0–10 cm) after mechanical 
subsoiling and amendment with termite mound material. Available 
phosphorus contents range from less than 5.1 mg kg− 1 to more than 
145.5 mg kg− 1 across the study area. The highest concentrations are 
observed in blocks B10, B7, and B4, whereas a general decrease in P 
availability occurs toward the peripheral zones of the study site, with a 
few localized exceptions (Fig. 9a).

Calcium concentrations vary from less than 1361 to more than 
18,268 mg kg− 1, showing a generally homogeneous spatial distribution, 
although localized enrichment is observed in blocks B8, B9, and B10 
(Fig. 9b). Available aluminium ranges from less than 44.4 mg kg− 1 to 
more than 293.4 mg kg− 1, with higher contents in blocks B8, B9, and 
B10, as well as near the river in blocks B1 and B2 (Fig. 9c).

Copper concentrations range from less than 1.9 mg kg− 1 to more 
than 25.8 mg kg− 1, displaying a relatively uniform distribution over the 
study area. Only localized enrichment is observed at the downstream 
end of block B1 near the river, where values reach 25.8 mg kg− 1 

(Fig. 9d). Potassium concentrations range from less than 130.2 mg kg− 1 

to more than 942.0 mg kg− 1, with a general decreasing trend toward 
lower-altitude areas close to the river, although elevated values persist 
at the northeastern extremity of block B1 (Fig. 9e).

Iron contents range from less than 28.1 mg kg− 1 to more than 351.7 
mg kg− 1, with an overall irregular spatial distribution. The dominant 
class lies between 77.8 and 102.7 mg kg− 1, while maximum concen
trations occur locally in small zones within blocks B3 and B10 (Fig. 9f). 
Magnesium varies from less than 238.8 mg kg− 1 to more than 2987 mg 
kg− 1 and shows a markedly heterogeneous spatial pattern, with higher 
concentrations mainly in blocks B4 and B10 (Fig. 9g). Finally, manga
nese ranges from less than 4.4 mg kg− 1 to more than 669.4 mg kg− 1, 
with an irregular distribution and a tendency to increase with distance 
from the river, particularly in blocks B10, B9, B8, B7, B3, and B1 
(Fig. 9h).

3.3. Physicochemical characterization of soil profiles

Data on the physicochemical properties of soils after mechanical 

subsoiling and amendment with termite mound material reveal pro
nounced heterogeneity among soil profiles and horizon depths. Soil pH 
measured in water ranges from 5.7 to 8.4, indicating slightly acidic to 
slightly alkaline conditions, which are generally favourable for nutrient 
availability and plant uptake. In contrast, pH measured in KCl varies 
between 4.2 and 7.6, reflecting the presence of exchangeable acidity 
within the soil exchange complex.

Total organic carbon (TOC) contents show substantial vertical and 
lateral variability, reaching values of up to 2.9% in the surface horizon 
(Ap) of profile B7, indicating locally enhanced organic matter levels in 
the topsoil. Available phosphorus contents are generally low, ranging 
from 0.3 to 154.8 mg kg− 1, with maximum values observed in profile 
B10, suggesting enhanced P availability within the effective rooting 
zone.

Calcium concentrations are particularly high, especially in the Ap 
horizon of profile B4 (12,499 mg kg− 1), while remaining moderately to 
highly abundant in the other profiles. Potassium and magnesium con
tents reached maximum values of 486.6 mg kg− 1 and 795.2 mg kg− 1 in 
surface soils, respectively, illustrating the positive contribution of 
termite mound amendments to the supply of base cations.

Manganese exhibits a contrasting vertical distribution, with 
maximum concentrations of 190 mg kg− 1 at depth in profile B5, whereas 
in most other profiles the highest Mn values occur in the surface hori
zons (Ap). Copper and iron display similar depth-dependent trends, with 
concentrations decreasing downward in the soil profile, suggesting a 
strong control of surface processes on micronutrient dynamics. In 
contrast, aluminium shows relatively higher concentrations in deeper 
horizons, consistent with the influence of plinthitic materials.

Analysis of horizon stratification (Ap, AB, Bs) reveals an overall 
decline in nutrient contents with increasing depth, reflecting the 
persistent influence of plinthite on soil functioning, which reduces the 
effective rooting volume and may limit the long-term sustainability of 
agricultural productivity. Particle-size distribution analysis indicates 
textures dominated sandy loam to clay loam textures, with a marked 
vertical gradient characterized by increasing clay contents in subsurface 
horizons (e.g., profile B5: from 18.6% in Ap to 37.6% and 44% in deeper 

Fig. 8. Spatial distribution of total organic carbon (TOC) in the 0–10 cm soil layer after subsoiling and application of termite mound material. B denotes the 
blocks (B1–B10).

J.B. Mukalay et al.                                                                                                                                                                                                                             Geoderma Regional 44 (2026) e01066 

7 



horizons; profile B6: from 19.7% to 40.2% and then 34.6%). This pattern 
is typical of clay illuviation processes associated with plinthitic soils.

Surface horizons (Ap) show higher sand contents in certain blocks 
(B1, B6, B8, and B10, with 40–47% sand), whereas other surface hori
zons (B4, B5, B7, and B9) are dominated by silt (≥50%). In deeper ho
rizons (AB, Bs, and Bcs), clay proportions generally increase, resulting in 
denser soil layers and reflecting the structural and textural control 

exerted by plinthite on soil profile differentiation (Table 1).

3.4. Influence of subsoiling on bulk density and water dynamics in soil 
profiles

The results show that bulk density (BD) is generally lower in surface 
horizons, ranging from 1.17 to 1.53 g cm− 3, and increases with depth 

Fig. 9. Spatial variation of available soil nutrients in the 0–10 cm layer after subsoiling and application of termite mound material: (a) P, (b) Ca, (c) Al, (d) Cu, (e) K, 
(f) Fe, (g) Mg, and (h) Mn. B denotes the blocks (B1–B10).
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toward more compact plinthic horizons, where values exceed 1.70 g 
cm− 3. This vertical pattern reflects a structural improvement of surface 
soils, likely associated with mechanical subsoiling and amendment with 
termite mound material.

Saturated hydraulic conductivity (Ksat) exhibits strong vertical and 
lateral variability, with very high values in surface horizons (ranging 

from 1810 to 7780 mm day− 1 in profiles B1, B3, and B9) and substan
tially lower values at depth, particularly in plinthic horizons (e.g., 63.9 
mm day− 1 in the Bs horizon of profile B5).

Soil water retention at field capacity (drained upper limit, DUL) is 
higher in surface horizons (ranging from 0.257 to 0.302 v/v) and de
clines markedly in plinthic horizons (from 0.115 to 0.154 v/v). In 
contrast, the wilting point (lower limit, LL) remains relatively high, 
reaching values of up to 0.226 v/v, thereby reducing the amount of 
plant-available water within the soil profile (Table 2).

3.5. Spatial variation in grain maize yield after subsoiling and spreading 
termite mound material

Fig. 10 shows the spatial distribution of grain maize yield across the 
study area after mechanical subsoiling and amendment with termite 
mound material for the 2022–2023 (left) and 2023–2024 (right) 
growing seasons. Grain yield values range from less than 2.3 to more 
than 11.1 t ha− 1, depending on location within the study perimeter. 
During the first growing season (2022–2023), yield patterns are 
spatially heterogeneous, with lower yields predominantly observed in 
blocks B8 and B10, whereas the remaining blocks generally exhibit 
moderate to high yields, particularly in low-lying areas close to the river.

During the second growing season (2023–2024), a general increase 
in maize grain yield was observed across all blocks, with an average 
improvement of approximately 1 t ha− 1. Although blocks B8 and B10 
largely maintained their lower-yield patterns, several localized zones 
within these blocks showed marked yield improvement. This overall 
increase resulted in a rise in the mean grain yield from 7.1 to 8.2 t ha− 1, 
highlighting the positive cumulative effect of subsoiling and termite 
mound amendments over time (Fig. 11).

3.6. Interactions between soil parameters and maize yield

Correlation analyses conducted across both growing seasons 
revealed that higher soil pH values, together with greater concentrations 
of total organic carbon (TOC) and calcium (Ca), were generally 

Table 1 
Physicochemical properties of soil profiles after mechanical subsoiling and amendment with termite mound materials.

Profiles Horizons Depth pH water pH KCl TOC P Ca K Mg Mn Cu Fe Al Clay Silt Sand

(cm) (%) (mg kg− 1) (%)

B1 Ap 0-26 8.2 7.5 0.9 1.3 2546 205.3 201.5 189.9 2.6 51.4 48.3 19.4 33.2 47.4
B2 Ap 0-27 6.9 5.6 0.8 0.4 875.3 62.7 77.8 117.5 1.8 44.8 49.9 21.1 40.4 38.5

AB 27-79 5.6 4.2 0.2 0.3 266.2 71.5 50.4 30.5 0.5 14.6 147.4 28.4 37.7 33.9
B3 Ap 0-30 7.9 7.6 1.1 8.9 2566 96.1 358.1 194.8 3.4 55.7 66.9 22.2 47.6 30.2

AB 30-43 6.0 4.9 0.6 2.4 245.2 63.6 126.0 27.4 1.0 20.5 97.6 20.0 45.2 34.8
Bs 43-80 5.5 4.3 0.4 1.9 82.7 134.9 148.3 26.5 0.7 18.3 133.4 30.6 44.5 24.9

B4 Ap 0-20 8.4 7.3 1.2 13.9 12,499 218.9 795.2 166.9 3.9 72.7 52.0 24.1 57.9 18.0
AB 20-35 8.0 7.6 1.8 19.0 2651 70.6 260.4 39.8 2.6 43.6 67.4 16.1 52.3 31.6

B5 Ap 0-46 6.1 5.2 2.0 1.1 1735 244.8 375.9 16.4 2.1 67.8 94.3 18.6 56.0 25.4
AB 46-92 7.2 5.4 0.4 1.0 1101 113.5 109.9 31.0 0.6 8.1 65.7 37.6 30.2 32.2
Bs 92-150 7.8 6.4 0.2 4.3 1331 148.4 386.0 190.0 0.3 22.5 87.7 44.0 27.2 28.8

B6 Ap 0-25 5.9 4.8 1.2 2.0 514.2 144.9 86.9 104.5 1.0 30.4 113.9 19.7 32.9 47.4
AB 25-132 6.1 4.8 0.2 0.6 442.8 238.1 143.9 102.5 0.4 22.3 115.0 40.2 28.1 31.7
Bs 132-201 5.7 4.2 0.2 2.7 190.5 147.2 209.3 20.1 0.3 7.8 134.5 34.6 38.0 27.4

B7 Ap 0-20 8.0 7.6 2.9 44.7 4856 324.2 459.1 197.9 3.3 123.4 132.6 20.6 50.5 28.9
AB 20-30 6.5 5.9 0.9 3.8 298.0 188.2 169.4 91.9 1.5 26.9 78.8 18.0 51.7 30.3
Bs 30-75 5.6 4.4 0.4 1.5 97.8 160.3 101.4 75.1 0.6 23.6 112.0 24.3 51.3 24.4
Bsx >75 5.6 5.2 0.3 1.7 152.3 115.3 157.7 49.6 0.5 17.1 105.5 – – –

B8 Ap 0-35 6.0 4.8 0.7 3.4 165.6 101.5 122.2 34.5 1.9 24.7 94.1 18.8 41.2 40.0
Bcs 35-110 6.1 4.2 0.2 1.5 27.0 119.5 69.5 10.4 0.9 10.2 233.6 34.1 45.0 20.9

B9 Ap 0-30 7.1 6.4 1.4 8.7 746.3 121.8 240.4 128.1 3.4 76.4 82.7 22.2 53.2 24.6
Bcs1 30-70 5.3 4.2 0.7 2.9 90.3 125.2 110.8 58.2 1.9 34.4 194.6 27.8 49.6 22.6
Bcs2 >70 5.5 4.5 0.3 1.1 71.3 310.2 177.4 27.4 1.1 23.6 135.9 – – –

B10 Ap 0-27 7.5 6.7 2.3 154.8 1818 486.6 446.4 47.8 2.1 97.2 168.2 12.0 43.5 44.5
Bs 27-130 7.0 5.4 0.3 3.7 75.8 524.5 80.9 3.1 0.3 17.2 80.9 21.8 46.4 31.8

Soil pH was measured in water and 1 N KCl; total organic carbon (TOC) was determined using the Walkley–Black method (Walkley and Black, 1934); available el
ements were extracted with ammonium acetate + EDTA (pH 4.65) and analysed by ICP-OES; phosphorus was determined colourimetrically; particle-size distribution 
was determined using the pipette method.

Table 2 
Bulk density (BD), saturated hydraulic conductivity (Ksat), field capacity water 
content (DUL), and wilting point water content (LL) in soil profiles across the 
study site.

Profile Horizon Depth BD Ksat DUL LL

(cm) (g cm− 3) (mm day− 1) (v/v)

Block 1 Ap 0-26 1.35 7780 0.26 0.16

Block 2 Ap 0-27 1.53 51.7 0.22 0.16
AB 27-79 1.5 664 0.24 0.20

Block 3
Ap 0-30 1.56 86.4 0.19 0.11
AB 30-43 1.85 6130 0.15 0.08
Bs 43-80 1.92 7780 0.14 0.09

Block 4
AP 0-20 1.46 125 0.23 0.18
AB 20-35 1.19 126 0.26 0.19

Block 5
Ap 0-46 1.19 625 0.30 0.24
AB 46-92 1.7 276 0.24 0.20
BS 92-150 1.77 63.9 0.27 0.23

Block 6
Ap 0-25 1.37 333 0.21 0.14
AB 25-132 1.65 32.9 0.19 0.15
Bs 132-201 – – – –

Block 7

Ap 0-20 1.42 1210 0.26 0.16
AB 20-30 1.66 4320 0.18 0.09
Bs 30-75 1.92 864 0.15 0.09
Bsx >75 – – – –

Block 8
Ap 0-35 1.46 44.7 0.16 0.10
Bcs 35-110 1.74 400.5 0.12 0.06

Block 9
Ap 0-30 1.17 1810 0.26 0.09
Bcs1 30-70 1.46 892.4 0.19 0.09
Bcs2 >70 – – – –

Block 10 Ap 0-27 1.45 1410 0.18 0.13
BS 27-130 1.62 767 0.21 0.16
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associated with increased maize grain yields. In contrast, copper (Cu) 
concentrations showed a consistent negative correlation with yield, an 
effect that was particularly pronounced during the first growing season 
(Fig. 12).

These relationships were further supported by principal component 
analysis (PCA). The first principal axis (PC1, explaining 27.6% of the 
total variance) represents a soil fertility gradient dominated by pH, Ca, 
and organic matter, along which maize yields (Rdt1 and Rdt2) were 
positively associated with pH measured in water and KCl, Ca, and TOC, 
and negatively associated with Cu.

The second principal axis (PC2, explaining 23.6% of the variance) 
contrasts a Mn–K–P–Mg–depth gradient with Fe and Al, and accounts for 
a smaller proportion of yield variability. Along this axis, Rdt2 exhibited 
a weak negative relationship with Mn, suggesting a secondary influence 
of certain micronutrients on yield performance.

Overall, the spatial variability of maize grain yield was primarily 
structured by the edaphic gradient represented by PC1. Together, the 
first two PCA axes explain 51.2% of the total variance, indicating that 

additional factors not captured by the measured soil variables also 
contribute to yield variability across the study area (Fig. 13).

3.7. Performance of grain maize yield regression models derived from 
stepwise linear regression

Grain maize yields in the study area, as explained by stepwise mul
tiple linear regression models, indicate that several soil properties exert 
a significant influence on crop production. The models exhibit co
efficients of determination (R2) greater than 0.50, p-values <0.05, and 
RMSE values lower than 1, demonstrating a satisfactory capacity to 
explain yield variability. However, regression models derived from yield 
map pixel values (Fig. 14a) show slightly lower R2 values than those 
based on field-measured yields (Fig. 14b), suggesting that models cali
brated with field observations provide more robust predictions.

For yields estimated from pixel-based values, soil pH measured in 
KCl and Fe were identified as the main determinants during the first 
growing season. Standardized beta coefficients indicate that a one- 
standard-deviation increase in Fe concentration is associated with a 
0.153 standard-deviation decrease in yield, whereas a one-standard- 
deviation increase in pH KCl corresponds to a 0.075 standard- 
deviation increase in yield (Fig. 14c). During the second growing sea
son, copper (Cu) and calcium (Ca) emerged as the dominant explanatory 
variables (Fig. 14d).

Regression models based on field-measured yields further confirm 
the significant role of specific soil properties. During the first season, soil 
pH, manganese (Mn), copper (Cu), and calcium (Ca) were identified as 
key determinants. Both Cu and Mn show negative relationships with 
yield, while a one-standard-deviation increase in soil pH and Ca results 
in yield increases of 0.334 and 0.332 standard deviations, respectively 
(Fig. 14e). During the second season, soil pH, Mn, and total organic 
carbon (TOC) were retained in the optimal model. In this case, a one- 
standard-deviation increase in Mn is associated with a 0.35 standard- 
deviation decrease in yield, whereas equivalent increases in pH and 
TOC correspond to yield increases of 0.21 and 0.29 standard deviations, 
respectively (Fig. 14f).

4. Discussion

4.1. Analysis of the performance of the interpolation model used

In this study, the Spline With Barriers interpolation model out
performed all other tested methods, producing more realistic and 

Fig. 10. Spatial distribution of grain maize yield across the study area after subsoiling and amendment with termite mound material. Left: 2022–2023 growing 
season; right: 2023–2024 growing season. B denotes the blocks (B1–B10).

Fig. 11. Descriptive analysis of grain maize yield across the study area for the 
2022–2023 and 2023–2024 growing seasons. Boxes represent the interquartile 
range, horizontal lines indicate median values, and points correspond to indi
vidual yield observations.

J.B. Mukalay et al.                                                                                                                                                                                                                             Geoderma Regional 44 (2026) e01066 

10 



spatially coherent results than kriging, Inverse Distance Weighted 
(IDW), Simple Spline, and Natural Neighbor interpolation. These 
alternative methods, which do not explicitly account for spatial dis
continuities or physical barriers, tended to over-smooth spatial patterns 
or generate artefacts in areas characterized by abrupt changes in soil 
properties, leading to higher RMSE values, increased bias, and, in some 
cases, a pronounced “bull's-eye” effect (Metahni et al., 2019), When 
compared with the Spline With Barriers approach.

The Spline With Barriers model consistently exhibited lower RMSE 
values, indicating greater predictive accuracy for unsampled locations 
(Smith and Smith, 2007). In addition, bias values were close to zero, 
reflecting a balanced distribution of prediction errors and a reduced 
tendency toward systematic over- or underestimation (Harwell, 2018). 
This method is particularly effective because it explicitly integrates 
spatial barriers or constraints, such as natural boundaries or abrupt 
landscape features, which strongly influence the spatial distribution of 
soil properties (Childs, 2004).

The relevance of this approach has also been demonstrated in pre
vious studies. Stupen et al. (2022) successfully applied the Spline With 
Barriers model to the construction of digital terrain models, showing 
that it effectively preserved local extremes and spatial discontinuities, 
thereby improving the representation of complex topographic patterns. 
In the present study, this capability proved essential for capturing the 
strong spatial heterogeneity induced by plinthite occurrence, subsoiling 

operations, and the uneven distribution of termite mound materials 
across the study area.

4.2. Assessment of the effectiveness of subsoiling on soil depth

The spatial distribution of soil thickness after subsoiling reveals 
pronounced spatial variability across the entire study area. This het
erogeneity highlights critical zones where soil thickness remains below 
9 cm, with plinthite locally exposed at the surface. Such conditions 
clearly indicate the limited effectiveness of the first subsoiling pass in 
these areas and support the need for additional subsoiling operations to 
further increase soil depth and, consequently, maximize the effective 
rooting volume available to crops.

Several studies have demonstrated that properly implemented sub
soiling can substantially improve soil functionality, including soil 
structure, porosity, and rooting conditions (Cote and Dupuis, 1980; 
Grevers and De Jong, 1993; Steppuhn et al., 1995; Wang et al., 2023a). 
However, the effectiveness of subsoiling strongly depends on soil char
acteristics and the type of equipment used, as emphasized by Caban 
et al. (2024); Wang et al. (2024b) also showed that non-uniform loos
ening can limit the agronomic benefits of the practice. In the present 
study, shallow soils are mainly concentrated in the central part of the 
study area, where the restricted trophic volume severely constrains root 
development, thereby reducing plant access to both water and nutrients. 

Fig. 12. Correlation and distribution matrix illustrating relationships between soil properties and grain maize yield for the 2022–2023 (Rdt1) and 2023–2024 (Rdt2) 
growing seasons. Pearson correlation coefficients (r) are represented by a colour gradient indicating both magnitude and sign (positive or negative). Asterisks denote 
levels of statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001).
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The presence of plinthite represents a major pedological constraint to 
soil depth management, as it forms a physical barrier that restricts root 
penetration and water movement (Brogowski and Kwasowski, 2012; 
Daniels et al., 1978; de Moraes et al., 2006; Jien et al., 2010; Wang 
et al., 2020; WRB-IUSS, 2015). Under such conditions, at least one 
additional subsoiling pass appears essential to ensure sufficient soil 
depth for sustainable crop production.

When correctly applied, subsoiling has been widely recognized as an 
effective management practice for improving soil structure, enhancing 
aeration, promoting deeper root penetration, and increasing access to 
water and nutrients (Alonso et al., 2023; Huang et al., 2024a; Huang 
et al., 2024b; Li et al., 2024; Šarauskis et al., 2024; Wang et al., 2023a; 
Wang et al., 2023b; Wu et al., 2024; Xie et al., 2024). In plinthitic en
vironments similar to those of the present study, Boubacar et al. (2017)
reported a 72% reduction in annual runoff in subsoiled plots compared 
to untreated controls on Plinthosols in Tondi Kiboro (Niger), illustrating 
the hydrological benefits of effective subsoiling. Beyond mechanical 
interventions, traditional soil management practices in West Africa also 
aim to maintain or increase effective soil depth in Plinthosols. For 
instance, Asiamah and Dwomo (2010) reported that farmers in Burkina 
Faso and Ghana maintain arable soil thickness through the construction 
of stone dikes, while in Mali and Senegal, the Zaï technique is used to 
enhance soil depth and fertility. These practices underscore the central 
role of soil depth management in overcoming the limitations imposed by 
plinthite, and they support the relevance of subsoiling as a comple
mentary or alternative strategy under mechanized farming conditions.

4.3. Spatial variation in soil chemical properties

The spatial distribution of soil chemical properties in the 0–10 cm 
layer after mechanical subsoiling and amendment with termite mound 
materials reveals marked spatial heterogeneity, reflecting both intrinsic 
soil variability and contrasts in the incorporation of amendments across 
the study area. Soil pH measured in KCl exhibits values below 4.1 and 
above 7.8, distributed throughout the site, indicating complex and 

spatially structured pedochemical dynamics. Blocks located in the 
northern part of the site, close to the river, display more pronounced soil 
acidification, likely associated with enhanced leaching of base cations 
and hydrological accumulation of H+ ions (De Dapper and Malaisse, 
1979). This observation corroborates the findings of Sanchez (2018), 
who reported that intense leaching promotes soil acidification and fa
vours plinthite formation.

Soil acidity in these areas is further exacerbated by the high iron 
oxide (Fe2O3) content typical of plinthitic soils, which enhances proton 
buffering and limits base saturation (Brogowski and Kwasowski, 2012; 
Eze et al., 2010; Jones et al., 2013; Legros, 2013; WRB-IUSS, 2015). In 
contrast, central areas of the study area exhibit pH values above 5.5, 
corresponding to neutral to slightly alkaline soil conditions. This pattern 
is likely explained by the more effective incorporation of calcium-rich 
termite mound materials, often containing calcium carbonate (CaCO3) 
(Adhikary et al., 2016; Jouquet et al., 2015; Li et al., 2017; Mujinya 
et al., 2013; Padonou et al., 2020; Rajeev and Sanjeev, 2011). Through 
dissociation into Ca2+ and CO3

2− , carbonate ions neutralize H+, thereby 
increasing soil pH (Ma et al., 2024). This mechanism supports the 
conclusions of Asiamah and Dwomo (2010), who demonstrated that 
calcium amendments can substantially improve the productivity of 
Plinthosols by correcting soil acidity. However, some localized areas 
show pH values in water exceeding 8.7, indicating excessive alkalinity, 
which may limit micronutrient availability (Jobbágy et al., 2017). Total 
organic carbon (TOC) contents range from less than 0.4% to more than 
2.5%, reflecting the overall organic matter poverty typical of plinthitic 
and ferralitic soils (Brogowski and Kwasowski, 2012; Dos Santos et al., 
2018; Fritsch et al., 2007; Giorgis et al., 2014; Kumar et al., 2018). In 
this regard, Hounkpatin et al. (2018) reported a loss of 24 t C ha− 1 over 
29 years on a Plinthosol in Burkina Faso, highlighting the long-term 
vulnerability of these soils.

A slight increase in TOC near the river likely reflects higher biomass 
production and regular inputs of plant residues from floodplain envi
ronments (Wang et al., 2024c). Nevertheless, TOC levels remain modest 
overall, suggesting that the positive effects of termite mound amend
ments are either spatially limited or partially offset by rapid organic 
matter mineralization, leaching, and poor residue incorporation(Chizen 
et al., 2024).

Nutrient distributions also exhibit strong spatial variability. Avail
able phosphorus remains globally low (from <5.1 to >145.5 mg kg− 1), 
with localized peaks in blocks B7 and B10. This pattern is consistent with 
strong P fixation by iron and aluminium oxides commonly found in 
plinthitic soils (Delfim et al., 2024; Gotz et al., 2024; Laurent and 
Brossard, 1991; Rotta et al., 2015; Sanchez, 2018; Useni et al., 2014). 
Elevated P concentrations in specific blocks may reflect residual effects 
of previous phosphate fertilizer applications, indicating a localized 
anthropogenic contribution.

Calcium concentrations locally exceed 18,267.7 mg kg− 1, confirming 
the high calcium content of termite mound materials (Adhikary et al., 
2016; Mujinya et al., 2013). While beneficial for correcting soil acidity, 
such high Ca levels require careful management to avoid nutrient im
balances and antagonistic effects (Lehto, 1994; Sediqui et al., 2024). 
Aluminium (<44.4 to >293.4 mg kg− 1) and iron (up to >351.7 mg kg− 1) 
are abundant, which is characteristic of plinthitic materials (Davies, 
1997; Ngon Ngon et al., 2009; Roquin et al., 1990; Soil Survey Staff, 
2014), but these elements may reduce phosphorus availability and exert 
toxic effects on plants at high concentrations (Bell et al., 2024; Fang 
et al., 2024; Shi et al., 2024). Copper concentrations can exceed 25.8 
mg kg− 1, reflecting the copper-rich geochemical background of the 
Lubumbashi region (Bogaert et al., 2019). These concentrations may be 
further redistributed by termite-driven bioturbation (Jouquet et al., 
2020). Manganese (<4.4 to >669.4 mg kg− 1) and magnesium (<238.8 
to >2987.4 mg kg− 1) show marked spatial variability, largely controlled 
by the degree of amendment incorporation and soil hydrological con
ditions (Lahori et al., 2024; Widdowson, 2009; Woś et al., 2024; Xu 
et al., 2024). Finally, potassium ranges from <130.2 to >942.0 mg kg− 1, 

Fig. 13. Principal component analysis (PCA) correlation circle illustrating the 
relationships between soil properties and maize grain yields (Rdt1 and Rdt2). 
The first two principal components explain 50.2% of the total variance (PC1 =
27.6%, PC2 = 22.6%). Variables positioned close to each other indicate positive 
correlations, whereas variables oriented in opposite directions indicate negative 
relationships.
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with lower concentrations observed near the river, likely due to 
topographically-driven leaching toward low-lying areas (Akhatov et al., 
2024; Alexandre, 2002; De Dapper and Malaisse, 1979; Nascimento 
et al., 2024).

4.4. Physicochemical and hydric characterization in soil profiles

The results obtained after mechanical subsoiling and amendment 
with termite mound materials reveal a high degree of heterogeneity in 
the physical, chemical, and hydraulic properties of soils, closely linked 
to the variability of soil profiles and horizon differentiation. Soil pH 
measured in water ranges from 5.7 to 8.4, indicating slightly acidic to 
slightly alkaline conditions that are generally favourable for nutrient 
availability, whereas the lower pH measured in KCl (4.2 to 7.6) reflects 
complex chemical interactions within the soil exchange complex, 
influenced by ionic exchanges between soil particles and amendments 
(Adhikary et al., 2016; Jouquet et al., 2015; Li et al., 2017; Padonou 
et al., 2020; Rajeev and Sanjeev, 2011; WRB-IUSS, 2015). Total organic 
carbon (TOC) contents remain generally low, but locally exceed 2% in 
surface horizons, highlighting the contribution of organic matter from 

termite mound materials. This variability is typical of ferralitic and 
plinthitic soils, which are characterized by a limited capacity to stabilize 
organic matter, often associated with coarse textures, weak aggregation, 
and rapid mineralization (Kasongo, 2008; Sanchez, 2018). Available 
phosphorus contents are also generally low, likely due to strong fixation 
by iron and aluminium oxides associated with plinthite (Delfim et al., 
2024; Gotz et al., 2024; Laurent and Brossard, 1991; Rotta et al., 2015; 
Tshibangu et al., 2022). Nevertheless, a high surface value of 154.8 mg 
kg− 1 observed in block B10 suggests a residual effect of previous phos
phorus inputs. Calcium reaches exceptionally high concentrations in 
surface horizons, confirming the calcium-rich nature of termite mound 
materials (Adhikary et al., 2016; Ekundayo and Aghatise, 1997; Harit 
et al., 2017; Jouquet et al., 2015; Mujinya et al., 2013). While beneficial 
for correcting soil acidity, such high Ca levels require careful manage
ment to avoid excessive alkalinization and nutrient imbalances (Lehto, 
1994; Sediqui et al., 2024). Potassium and magnesium show overall 
improvements in chemical fertility, whereas iron, manganese, and 
aluminium exhibit high and spatially heterogeneous concentrations, 
characteristic of Plinthosols formed through long-term Fe, Al, and Mn 
accumulation processes (Carvalho et al., 1991; Daniels et al., 1978; 

Fig. 14. Relationships between observed and predicted grain maize yields obtained from stepwise linear regression models based on yield map pixel values (a) and 
field-measured yields (b) for the 2022–2023 and 2023–2024 growing seasons. Bar charts display the standardized beta coefficients (±95% confidence intervals) of 
the explanatory variables included in the models: (c) and (d) correspond to pixel-based models, whereas (e) and (f) correspond to models based on field-measured 
yields for the two seasons, respectively. Solid lines represent fitted regression relationships, and the dashed line represents the 1:1 reference line.
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Eswaran et al., 1990; Nahon, 2003; Roquin et al., 1990). According to 
WRB-IUSS (2007), aluminium concentrations in Plinthosols can reach 
100 g kg− 1 and exceed 300 g kg− 1 in petroplinthite, while iron contents 
can also exceed 100 g kg− 1, underscoring the intensity of these pedo
genic processes.

Particle-size analysis reveals a clear vertical textural differentiation, 
typical of plinthitic soils, characterized by an increase in clay content 
with depth, indicative of illuviation processes (Fritsch et al., 2007; 
Nahon, 2003). Such vertical differentiation is common in highly 
weathered tropical soils and results from the downward translocation of 
fine particles from surface to subsurface horizons, a process often 
associated with plinthite formation (Asiamah and Dwomo, 2010; Santos 
et al., 2023; WRB, 2022; Yoboue et al., 2019). Surface horizons exhibit 
higher sand contents in some blocks (B1, B6, B8, and B10), reflecting 
erosion and leaching of cultivated layers (Kasongo, 2008; Sanchez, 
2018). In contrast, subsurface horizons (AB, Bs, and Bcs) show higher 
clay contents (up to 44%), resulting in denser soil structures that restrict 
permeability and root penetration (Brogowski and Kwasowski, 2012; de 
Moraes et al., 2006).

These findings emphasize the central role of plinthite in controlling 
textural differentiation and imposing physical constraints within soil 
profiles. The incorporation of termite mound materials, which are finer- 
textured and enriched in base cations (Jouquet et al., 2015; Mujinya 
et al., 2010), can improve the structure and fertility of surface horizons. 
However, their effectiveness remains strongly dependent on appropriate 
profile management, particularly through subsoiling to disrupt com
pacted layers and enhance amendment incorporation.

From a physical perspective, bulk density is lower in surface horizons 
(1.17–1.53 g cm− 3) and increases toward compact plinthic horizons, 
reaching values of up to 1.92 g cm− 3, reflecting a surface structural 
improvement linked to termite mound amendments, while strong 
physical constraints persist at depth. These values remain lower than 
those reported by the FAO (2001) for petroplinthite (2.5–3.6 g cm− 3), 
and surface bulk densities are consistent with the ranges reported by 
Brady and Weil (2008) for Ap horizons (1.2-1.5 g cm− 3).

Saturated hydraulic conductivity (Ksat) shows strong vertical vari
ability, with high values in surface horizons (up to 7780 mm day− 1 in B1 
and B3, and 1810 mm day− 1 in B9) and much lower values in deeper 
horizons (e.g., 63.9 mm day− 1 in the Bs horizon of profile B5). This 
pattern indicates restricted infiltration and water movement at depth 
due to plinthite, consistent with findings by de Moraes et al. (2006). 
Plinthite, characterized by low porosity and irreversible hardening, 
therefore acts as a major barrier to both water circulation and root 
penetration (Brogowski and Kwasowski, 2012; Jacobs et al., 2002; Liu 
et al., 2020; Sarkar and Bandyopadhyay, 2018; Stiles et al., 2001; 
Wildemeersch et al., 2015; Yaro et al., 2006). In this context, Wu et al. 
(2010) reported 41.8% improvement in basalt permeability following 
polymer application, highlighting the difficulty of permanently allevi
ating such physical constraints.

Finally, soil water content at field capacity (DUL) is higher in surface 
horizons (0.257–0.302 v/v) and decreases with depth (0.115–0.154 v/ 
v), while the wilting point (LL) is lower at the surface (0.094–0.159 v/v) 
but relatively high in plinthic horizons, reaching values of up to 0.226 v/ 
v. This configuration results in greater plant-available water in surface 
layers, thereby promoting improved crop water supply. The enhanced 
surface water retention reflects the positive influence of termite mound 
materials on mesopore abundance and connectivity (Feiza et al., 2015; 
Pessoa et al., 2024). Mesopores preferentially retain water at field ca
pacity, whereas micropores retain water more strongly, explaining the 
elevated LL values observed in deeper horizons (Dalmago et al., 2009). 
Several studies have similarly demonstrated that subsoiling combined 
with organo-mineral amendments improves soil hydraulic properties 
and water availability in surface horizons (Alonso et al., 2023; Liu et al., 
2024; Ramadhan and Alfaris, 2023; Wang et al., 2024a; Wu et al., 
2024).

4.5. Spatial variation in grain maize yield

The spatial distribution of grain maize yields reveals a wide range of 
productivity, with values varying from less than 2.3 to more than 11.1 t 
ha− 1, depending on location within the study perimeter. This marked 
spatial heterogeneity can be attributed to local differences in soil 
physicochemical properties, soil water availability, and the variable 
effectiveness of subsoiling operations across the site. Nevertheless, the 
yields obtained in this study are substantially higher than the regional 
average of 0.77 t ha− 1 reported for smallholder farmers in 2023 ac
cording to FAOSTAT (https://www.fao.org/faostat/fr/#data, 
accessed 10 February 2025), highlighting the strong positive impact of 
subsoiling combined with amendments using termite mound materials.

Numerous studies support the beneficial effects of subsoiling on 
maize productivity, including those reported by Ramadhan and Alfaris 
(2023) in Iraq, as well as Wang et al. (2024a), and Li et al. (2024) in 
China. In addition, several studies have demonstrated the agronomic 
advantages of termite mound soil amendments, owing to their enriching 
chemical composition and contribution to improved soil fertility (de 
Lima et al., 2018; Enagbonma and Babalola, 2019; Eze et al., 2019; 
Jouquet et al., 2015; Kaschuk et al., 2006; Mujinya et al., 2013; Pado
nou et al., 2020; Rajeev and Sanjeev, 2011), thereby contributing to 
increased crop yields.

During the first growing season, however, blocks B8 and B10 
exhibited consistently lower yields, likely due to persistent soil limita
tions, including shallow effective soil depth, residual compaction, and 
reduced nutrient retention capacity, despite the applied amendments. 
According to WRB-IUSS (2015), the limited thickness of Plinthosols 
restricts both water percolation and root penetration, thereby con
straining crop productivity. In contrast, low-lying areas near the river 
consistently recorded higher yields, probably due to improved water 
availability and higher organic matter inputs, which tend to increase 
closer to riparian zones. Several studies have emphasized that soils 
enriched in organic matter optimize crop yields by improving nutrient 
supply and soil structure (Obalum et al., 2017; Paul, 2016; Sanchez, 
2018; Voltr et al., 2021). Moreover, Pessoa et al. (2024) showed that 
adequate soil water availability enhances crop growth, nutrient uptake, 
resistance to water stress, and ultimately overall agricultural 
productivity.

During the second growing season, yields exhibited a generalized 
increase across the study area, with an average gain of approximately 1 t 
ha− 1. This improvement can be attributed to the cumulative and delayed 
effects of subsoiling and soil amendments, which begin to manifest more 
clearly over time, even in previously low-yielding zones such as parts of 
blocks B8 and B10. Although the magnitude of the increase remains 
moderate, this trend underscores the importance of long-term soil 
management strategies for progressively enhancing yield potential in 
initially constrained plinthitic environments. Supporting this interpre
tation, Wildemeersch et al. (2015) reported a significant long-term in
crease in millet yields in Nigeria, reaching 0.7 ± 0.2 Mg ha− 1 on 
marginal Plinthosols following the implementation of soil and water 
conservation practices.

4.6. Optimization of grain maize yield: regression models and analysis

Correlation analyses revealed a positive association between maize 
grain yield and soil pH, calcium (Ca), and total organic carbon (TOC), 
confirming the central role of soil acidity neutralization and improved 
nutrient availability in sustaining productivity in tropical agro
ecosystems (Sanchez, 2018). In contrast, elevated copper (Cu) concen
trations, particularly during the first growing season, were negatively 
associated with yield, which is consistent with the phytotoxic effects of 
Cu in metal-enriched soils (Mubemba et al., 2017; Yruela, 2009). These 
relationships were further corroborated by principal component anal
ysis (PCA). The first axis (PC1, explaining 27.6% of the total variance) 
represents an edaphic fertility gradient dominated by pH, Ca, and TOC, 
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along which maize yields from both seasons (Rdt1 and Rdt2) were 
positively aligned, whereas Cu was oriented in the opposite direction, 
indicating its limiting effect on crop production. The second axis (PC2, 
23.6% of the variance), contrasting Mn–K–P–Mg–depth with Fe–Al, 
accounted for a smaller proportion of yield variability. Nevertheless, 
second-season yield (Rdt2) exhibited a negative association with Mn, 
highlighting the potentially restrictive role of excessive Mn on the up
take of other essential cations (Lahori et al., 2024; Sanchez, 2018; Xu 
et al., 2024).

These multivariate relationships were confirmed and quantitatively 
refined by stepwise linear regression models, which emphasized the 
dominant influence of specific edaphic parameters on yield variability. 
During the first growing season, the regression model showed a statis
tically significant effect (p = 0.03), with soil pH measured in KCl and 
iron (Fe) identified as key explanatory variables. Standardized beta 
coefficients indicated a negative association between Fe and grain maize 
yield. This relationship can be explained by the acidifying effect of iron 
oxides (Fe₂O₃), which enhance soil acidity and may impair crop growth 
(Sanchez, 2018). Moreover, at high concentrations, Fe can reduce 
phosphorus availability by forming insoluble compounds such as iron 
phosphate (FePO4) (Agbenin, 2003; Barrow et al., 2018; de Campos 
et al., 2018; Rosolem et al., 2024). Consequently, high total P contents 
do not necessarily translate into plant-available P, thereby limiting 
nutrient uptake and crop performance. In addition, excessive iron may 
induce nutritional imbalances and toxic effects, further constraining 
yield potential (da Silva et al., 2024; Han et al., 2024; Tsamos et al., 
2024). Conversely, an increase in pH KCl was positively associated with 
grain yield, indicating that reducing soil acidity enhances nutrient 
availability and crop physiological performance (Sanchez, 2018; WRB- 
IUSS, 2007).

During the second growing season, the regression model remained 
statistically significant (p = 0.01) and identified calcium (Ca) and cop
per (Cu) as the main determinants of grain maize yield. Elevated Cu 
concentrations were again associated with yield reductions. Although 
Cu is an essential micronutrient at low concentrations, excessive levels 
can become toxic, inhibiting root development and disrupting plant 
nutrition. In the Lubumbashi region, Mpundu et al. (2013) reported 
stunted growth and high Cu bioaccumulation in vegetable crops, con
firming the agronomic risks associated with Cu enrichment.

In contrast, higher Ca concentrations were positively correlated with 
yield, reflecting the beneficial role of Ca in improving soil structure, 
enhancing aeration and permeability, and facilitating nutrient uptake by 
plant roots (Bakker, 2018; Meriño-Gergichevich et al., 2010; Mubemba 
et al., 2014; Mujinya et al., 2013; Olego et al., 2021). For instance, 
Anikwe et al. (2016) reported cassava yields of 9.5 Mg ha− 1 on 
limestone-amended plots, compared to 6.1 Mg ha− 1 on untreated Ulti
sols in Nigeria, illustrating the agronomic benefits of Ca-based 
amendments.

Regression models based on field-measured grain maize yields 
further highlighted season-dependent controls on productivity. During 
the first season, soil pH, Mn, Cu, and Ca were identified as significant 
predictors (p = 0.02). Standardized beta coefficients showed that high 
Mn and Cu concentrations were negatively associated with yield, likely 
due to nutrient antagonisms and toxicity effects. Excess Mn can disrupt 
soil nutrient balance by inhibiting the uptake of other essential cations 
such as Ca and K (Sanchez, 2018), while excessive Cu is known to 
damage root systems and impair plant metabolism (Mubemba et al., 
2017; Yruela, 2009).

In contrast, increasing soil pH and Ca levels exerted a strong positive 
influence on yield, with increases of 0.334 and 0.332 standard de
viations, respectively. This finding underscores the critical importance 
of acidity management for optimizing nutrient availability, as empha
sized by Sanchez (2018) and WRB-IUSS (2015), who reported that 
optimal pH conditions enhance the uptake of essential nutrients.

During the second season, soil pH, Mn, and TOC emerged as the main 
controlling factors (p = 0.03). The negative effect of Mn on yield again 

supports the hypothesis that excessive Mn concentrations induce nutri
tional imbalances (Lahori et al., 2024; Woś et al., 2024; Xu et al., 2024). 
Conversely, higher soil pH and organic carbon contents positively 
affected yield, consistent with numerous studies demonstrating that soil 
organic matter improves water retention, nutrient storage, and overall 
soil resilience, thereby enhancing crop growth (Garcia et al., 2024; 
Malik et al., 2024; Naeem et al., 2024; Obalum et al., 2017; Paul, 2016; 
Voltr et al., 2021; Zhang et al., 2024).

Although all regression models exhibited coefficients of determina
tion exceeding 50%, clear differences emerged depending on the source 
of yield data. Models based on pixel values extracted from yield maps 
showed lower R2 values, likely due to the interpolated nature of these 
data, which may not fully capture fine-scale spatial variability. In 
contrast, models calibrated with field-measured yields achieved higher 
R2 values, indicating greater predictive accuracy and robustness. This 
observation aligns with Akinwande et al. (2015), who emphasized the 
importance of high-quality input data and rigorous validation proced
ures. To further enhance model performance, the integration of addi
tional environmental and management variables (e.g., 
microtopography, soil moisture dynamics, and historical management 
practices) remains a relevant perspective.

5. Conclusion

This study demonstrates the significant and combined effects of 
mechanical subsoiling and termite mound material amendments on the 
fertility of Plinthosols and grain maize productivity in the Lubumbashi 
region. The results show that areas requiring secondary subsoiling, 
where soil thickness remains below 9 cm, present persistent physical 
constraints to crop growth, whereas blocks exhibiting soil thicknesses 
greater than 73 cm offer substantially higher potential for agricultural 
production by increasing the effective rooting volume.

The analysis of soil physicochemical properties revealed marked 
spatial variability in soil pH, total organic carbon (TOC), and essential 
nutrients, including phosphorus, calcium, potassium, and magnesium. 
In contrast, high concentrations of aluminium, iron, and copper were 
observed, displaying heterogeneous spatial distributions, with copper 
showing a relatively uniform background pattern consistent with the 
regional geochemical context. From a hydrodynamic perspective, soils 
exhibited low saturated hydraulic conductivity at depth, reflecting 
restricted vertical water movement imposed by plinthite, whereas sur
face water retention was improved, indicating enhanced porosity and 
increased plant-available water following amendment incorporation.

Grain maize yields showed strong spatial heterogeneity, ranging 
from less than 2.3 to more than 11.1 t ha− 1, with a notable increase in 
mean yield from 7.1 to 8.2 t ha− 1 between the first and second growing 
seasons. Stepwise regression models based on pixel values extracted 
from yield maps indicated that high iron and copper concentrations 
negatively affect yield, while higher soil pH and calcium availability 
exert a positive influence. In parallel, regression models based on field- 
measured yields, which proved to be more robust and reliable, 
confirmed that soil pH, calcium, and total organic carbon are the main 
positive determinants of maize yield, whereas excessive concentrations 
of copper, iron, and manganese are associated with yield reductions, 
likely due to nutritional imbalances and indirect effects on soil acidity. 
Although all models exhibited coefficients of determination (R2) 
exceeding 0.50, field-based models provided greater explanatory power 
than map-derived pixel-based models.

Overall, these findings emphasize that improving soil chemical 
fertility through pH regulation, calcium enrichment, and organic matter 
enhancement is central to increasing maize productivity and ensuring 
the sustainable management of Plinthosols. The combined use of tar
geted subsoiling and locally available termite mound materials emerges 
as a promising and context-adapted strategy for overcoming the physical 
and chemical constraints of plinthitic soils in the southern Democratic 
Republic of the Congo and similar tropical environments.
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However, the lack of prior chemical and mineralogical character
ization of termite mound materials limits the precise assessment of their 
specific contribution to the observed improvements in soil properties 
and maize yield; future studies incorporating such characterization 
would allow a more accurate quantification of their effects.
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Comparaison avec les sols développés sur roches basiques, XXVII, pp. 203–224.

Bogaert, J., Colinet, G., Grégory, M., 2019. Anthropisation des paysages katangais. Presss 
Universitaire de Liège.
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Em Assentamento De Reforma Agrária No Município De Chapadinha-Ma. Sci. Agrár. 
17, 1. https://doi.org/10.5380/rsa.v17i3.46841.

De Dapper, M., Malaisse, F., 1979. Rélations entre les différents stades d’érosion d’une 
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