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Abstract 
Aims Ecosystem changes in the mesic savannas of 
West Africa are resulting in the formation of patches 
of ‘forest islands’ around local communities in an 
otherwise open savanna landscape. There have been 
conflicting reports on the origin of these forest islands 
with a very limited understanding of their biogeo-
chemistry. This study evaluated the soil mineralogical 
and chemical characteristics of forest islands and their 
surrounding ecosystems comprising croplands and 
open savannas in Burkina Faso, Ghana, and Nigeria 

to provide information on the processes leading to the 
formation of forest islands.
Methods Soil mineralogy was determined using 
X-ray diffractometry (XRD) while the soil nutrients 
were analysed with ICP-OES  and the  other  soil 
chemical properties were determined  using standard 
conventional methodologies.
Results Overall, we found that quartz, kaolinite with 
significant quantities of 2:1 silicate minerals domi-
nated the soil matrix irrespective of land use type. 
The minerals identified in most of the locations were 
independent of land use type. This suggests that the 
forest island formation is not directly related to soil 
mineralogy. Forest islands showed differences in 
soil nutrient contents, being richer in exchangeable 
potassium and dibasic cations than their surrounding 
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savannas and agricultural fields. This superior fertil-
ity status of the soils could contribute to the luxuriant 
growth of the vegetation leading to the development 
of forest island. The soil nutrient characteristics of the 
ecosystem types reflect the land use practices with the 
forest island having higher nutrient and organic car-
bon contents.
Conclusions The study provided insight into how 
human-originated soil nutrient enhancement has 
induced forest island establishment in open savanna 
landscapes.

Keywords African dark earths · Ecosystem 
change · Forest-savanna interaction · Land use 
change · Land management · Terra preta

Introduction 

In the West African savanna landscape, forest veg-
etation is often found surrounding or adjacent to local 
communities. They are often referred to as forest 
islands, kurmi, or anthropogenic forest (Morgan and 
Moss 1965; Fairhead and Leach 2009). Forest islands 
vary in size, age and tree species composition, and 
are found in the Sudan, Guinea savanna and forest-
savanna transition agro-ecological zones. Early colo-
nial botanists considered them as remnants of a once 
larger forest area destroyed by indiscriminate human 
action (see e.g. Hedberg and Hedbeg 1968, Sayer et al. 
1992; FAO 1993) but later, they were discovered to 
have been created through deliberate human action 
(Fairhead et al. 1996). This finding has been supported 
by the palynological record as reported by Fairhead 
and Leach (1996).

Forest islands have been reported to increase in 
size and numbers in the savanna in recent times in 
West Africa and are shown to be strongly associ-
ated with human-induced changes to soil conditions 
(Hennenberg et  al. 2005) and even after abandon-
ment prove remarkably stable (Sobey 1978). They 
thus provide a unique example of how local knowl-
edge and soil improvement practices may stimulate 
forest growth in what would otherwise be a savanna 
landscape (Frausin et  al. 2014). Conversely, in dif-
ferent parts of Brazil, several authors have reported 
Cerrado (savanna) to have expanded, encroaching on 
the forest-savanna boundaries since the Holocene and 
during the Last Glacial Maximum primarily due to 

drier climates (Anhuf et al. 2006; Ledru et al. 2006) 
while in others there were cases of forest advance-
ment against cerrado in forest – cerrado transitions 
in southern Amazonia (Marimon et  al. 2014). They 
demonstrated this using soil carbon isotopes and indi-
cated how the various carbon isotopic forms advanced 
or retreated in forest–savanna transects due to changes 
in vegetation covers over a timescale (Pessenda et al. 
2001, 2004; Marimon et al. 2014). The present study 
on forest islands and those on forest–cerrado transi-
tion in Brazil essentially highlights the dynamic rela-
tionship between forest and savanna and focuses on 
the mechanisms underlying the advances and retreats 
of these different vegetation covers over time.

The mechanisms behind forest island formation 
include anthropogenic activities such as the addi-
tion of household wastes to land around homesteads, 
deposition of animal dungs and human faecal mat-
ter, selection and protection of important economic 
trees, fire exclusion, prohibition of tree felling around 
homesteads, shrine, and community relocation –leav-
ing the former settlement sites to fall back to succes-
sion and eventually reaching secondary vegetation 
have been previously identified (Fairhead and Leach 
1998; Fairhead and Leach 2009). The human influ-
ence on soil development in the tropics has been pre-
viously described e.g. Amazonian dark earth or Terra 
preta (Glaser and Birk 2012, Lima et al. 2002) with 
major consequences on soil properties especially soil 
organic carbon. Fairhead and Leach (2009) describe 
the soils of forest islands as “African Dark Earths”. 
However, these soils have been poorly studied and the 
underlying biogeochemistry behind this phenomenon 
remains to be elucidated. A better understanding of 
the role of soil factors and interactions that drive for-
est island creation could provide important lessons 
for forest creation in the area South of the Sahel, thus 
helping to achieve some of the objectives of the Great 
Green Wall project (Sacande et al  2021).

One aspect that has received little attention is forest 
islands’ mineralogy and nutrient characteristics (but 
see Bougma et  al 2022). Soil mineralogy is a major 
determinant of soil physical and chemical properties, 
being a reflection of its parent material. Soil mineral 
compositions are key pedogenetic indicators of soil 
quality. For instance, iron (Fe) and aluminum (Al) are 
released during soil weathering and development and 
are precipitated as short-range-ordered or crystalline 
oxides, hydroxides, or oxhydroxides (Guertal 1994). 
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The forms as well as the abundance of Fe and Al 
oxides are contributing factors that influence nutrient 
retention and availability in soils (Onweremadu et al. 
2007; Ajiboye et al. 2016).

In this study, therefore, we investigate whether the 
mineralogical characteristics of the underlying soils of 
the forest islands are different and how they compare 
with the surrounding land use types with the view of 
evaluating whether soil mineralogy was a driving fac-
tor in forest island formation or the process was rather 
anthropogenic. We also evaluate a number of soil chem-
ical properties that relate to soil fertility enhancement 
and, compare land uses (forest island, farmland, and 
savanna) on some major chemical properties across a 
climatic gradient in Ghana, Nigeria, and Burkina Faso.

We aim to gain insight into what extent forest 
islands are the products of major soil differences or 
that human-originated soil nutrient enhancement may 

have induced their establishment. We, thus, provide 
an understanding of the mechanisms by which previ-
ously savannas areas can transform into a forest veg-
etation type through anthropogenic activities.

Materials and methods

Description of study area

The study was conducted across 11 locations in Bur-
kina Faso, Ghana, and Nigeria between year 2015 and 
2018 (Fig. 1). The region is characterized by uniformly 
high sunshine and high temperatures throughout the 
year with the mean annual temperature usually above 
18  °C. Vegetation under uniformly high tempera-
tures is largely determined to a large extent by rainfall 
(Couteron and Kokou 1997). Consequently, vegetation 

Fig. 1  Map of the study sites in West Africa
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zones run parallel to each other from north to south and 
are related to rainfall amount with rainfall in the study 
locations ranging from 795  mm in Burkina Faso to 
1266 mm in Ghana with a mean value of 1127 mm for 
locations in Nigeria. The weather condition is charac-
terized by a dry season starting in October in Burkina 
Faso, December in Ghana and November in Nigeria to 
February or early March. As a result, in Burkina Faso, 
the study sites Toécé (TOE), Koupéla de Koudougou 
(KPL), Houndé (HOU), and Kadomba de Bobo Diou-
lasso (KAD), were in the Sudan and Sahelian ecologi-
cal zones; in Ghana Navrongo (NAG) also in Sudan 
savanna with Changnayili (CHN) in Guinea savanna 
and Nkonranza (NKZ) in a forest-savanna transition. 
In Nigeria, the sites-Wasimi-Okuta (WSM), Ilua (ILU), 
Onipatako (ONP), and Elewure-Okeho (ELE) were 
all within the Guinea savanna agroecological zone. 
The geographic coordinates, rainfall amounts and the 
dominant vegetation of each of the locations are sum-
marised in the supporting table, Table S1.

Proximity of the land‑use systems at each location

In all locations  (Fig.  1), three forms of land use 
were examined. The interspatial distribution of the 
land-use types is described in Bougma et al. (2022). 
In Nigeria, the three land-use systems at each loca-
tion were within 0.13 to 0.60  km radius. In Ghana 

and Burkina Faso, the forest islands and agricultural 
plots at a location were within 0.10 to 0.70 km radius 
except for the Nkoranza cropland, which was about 
3.1  km from the forest island. The savanna plots in 
Ghana were generally within 10 km radius from the 
forest islands whereas in Burkina Faso, they were a 
little bit further apart (Bougma et al. 2022).

West Africa is composed of ancient crystalline 
Basement Complex and sedimentary rocks. As a result, 
soils generally are highly weathered and of low inher-
ent fertility (Sayer et al. 1992). The different soil types 
(FAO-WRB 2015) of the study sites are presented in 
Table  1. Further information on the identification 
and description of the soil profiles are presented in 
Table S2. The soils of the experimental sites were all 
developed on the basement complex rocks.

Soil Sampling technique and sample pretreatment

A 0.16 ha of each land use type was divided into four 
subplots, each of dimension 20 × 20  m from which 
soil samples were taken randomly at 4 locations 
within the subplots. Soil heterogeneity was consid-
ered in the selection of sampling sites. At each sam-
pling points, soil samples were taken at the 0–5, 5–10, 
10–20, 20–30, 30–50, and 50–100  cm soil depths 
using a set of standard augers (Eijkelkamp Agrisearch 
Equipment BV, Giesbeek, The Netherlands). Due to 
hard plinthite, rocky and stony nature of some sites, 

Table 1  Soil types of forest islands and their adjacent ecosystems in the study areas

Source: Mesele (2021)

Location Savanna Farmland Forest island

ELE Eutric Cambisol (Arenic) Plinthosol (Arenic) Rhodic Luvisol (Clayic)
ILU Ferric Lixisol Plinthosol (Arenic, Eutric) Plinthosol (Lixic)
ONP Plinthosol (Clayic) Lixisol (Arenic, Rhodic) Lixisol (Arenic, Rhodic)
WSM Rhodic Luvisol (Arenic) Eutric Petroplinthic Cambisol Eutric Arenosol (Humic)
HOU Stagnic Lixisol (Loamic, Hypereutric) Lixisol (Arenic) Stagnic Plinthosol (Lixic, Clayic)
KAD Stagnic Lixisol (Loamic Hypereutric) Lixisol (Arenic, Loamic) Ferric Lixisol
KPL Eutric Plinthosol (Lixic, Loamic) Eutric Plinthosol (Lixic) Plinthosol (Arenic)
TOE Stagnic Pisoplinthic Plinthosol (Lixic, 

Loamic)
Eutric Arenosol Stagnic Pisoplinthic Plinthosol (Lixic)

CHN Stagnic Petric Plinthosol (Eutric, 
Arenic)

Pisoplinthic Plinthosol (Loamic, 
Ochric)

Pisoplinthic Plinthosol (Abruptic, 
Loamic)

NAG Stagnic Petric Plinthosol (Eutric, 
Arenic)

Stagnic Pisoplinthic Plinthosol (Lixic, 
Clayic)

Stagnic Pisoplinthic Plinthosol (Lixic, 
Clayic, Humic)

NKZ Abruptic Chromic Lixisol (Loamic, 
Cutanic, Profondic)

Abruptic Chromic Lixisol (Loamic, 
Cutanic, Profondic)

Abruptic Chromic Lixisol (Loamic, 
Cutanic, Profondic)
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samples could not be taken at greater depths. Samples 
collected at the various depths in each subplot were 
composited per depth and thoroughly mixed before 
a sub-sample was taken. The samples were air-dried 
and then passed through 2 mm sieve to obtain the fine 
earth fraction (Bougma et al. 2022).

Soil mineralogical analysis

To gain insight into the mineralogy of the parent 
materials underlying the soils of the various eco-
system types, soil samples from the deepest depth 
(> 50  cm soil depth) in each of the sampling points 
were selected for X-ray diffraction (XRD) analysis. 
The XRD analyses were performed at the Natural 
History Museum, London on each dried fine earth 
fraction (2  mm sieved soil which was further fine 
ground to powder) at 25  °C using an Enraf–Nonius 
PSD 120, equipped with an INEL 120° curved posi-
tion sensitive detector. The XRD analysis was per-
formed on the bulk soil samples without fractional 
separation of the soil particles. No additional pre-
treatment was done apart from the fine-grinding. The 
powdered samples were placed in deep-well sample 
holders with sapphire substrates. Most samples were 
analysed using Cu  Kα1 radiation (45 kV and 45 mV), 
however for those samples deemed to have signifi-
cant Fe content, we used Co  Kα radiation (45 kV and 
45 mV) to minimise background noise due to fluores-
cence. Diffraction patterns were collected over 4 to 
18 h.

The diffraction patterns were correlated with the 
d-spacing and peaks to identify the specific miner-
als. The abundance of the minerals was grouped into 
4 categories based on their relative counts. Number 
of counts exceeding 20,000 were classified as ‘Domi-
nant’, Counts between 6,000 and 20,000 are termed 
‘Abundant’ while Counts less than 6,000 but ≥ 2,000 
are classified ‘few’ and those mineral counts less than 
2000 are termed ‘trace’.

Analyses of soil physical and chemical properties

Soil particle size distribution was done using the 
pipette method (Day, 1965; Green, 1981). Soil pH 
and electrical conductivity (EC) were determined 
in a soil:water ratio of 1: 2 and read with a digital 
integrated pH & EC meter (Hanna Instruments). Soil 
total nitrogen and organic carbon were determined 

using Elementar CN analyzer (Vario MACRO Cube, 
Elementar, Germany). Carbon stock was calculated 
following the procedure described by Donovan 
(2013). The available phosphorus was extracted 
by the Bray-1 method (Bray and Kurtz 1945). The 
exchangeable cations  (Ca2+,  Mg2+,  K+, and  Na+) 
were extracted with 1.0 N  NH4OAc using a soil: 
solution volume ratio of 1:10. The extracts were 
read using an Inductively Coupled Plasma-Optical 
Emission Spectrometer (ICP-OES). Effective Cation 
Exchange Capacity was calculated as the sum of 
exchangeable cations (including  Al3+  +  H+). The 
percentage Base Saturation was determined as the 
total exchangeable bases (TEB) divided by effective 
cation exchange capacity (ECEC) and multiplied by 
100. The exchangeable cations are basically referred 
to as soil nutrients while pH, EC and SOC are not 
nutrients in themselves but influence soil nutrient 
availability. Extraction of free Fe and Al oxides was 
carried out using the dithionite-citrate-bicarbonate 
(DCB) extraction (Mehra and Jackson 1960) and 
the ammonium oxalate extraction (McKeague 
et  al. 1971). Determination of Al and Fe in all the 
digests was done by the xylenol–orange colorimetric 
method (McKeague, 1971) while Fe was measured 
colorimetrically using ortho-phenathrolin method 
(Mehra and Jackson 1960).

The crystalline fraction was determined by subtracting 
the value of the Oxalate fraction from the DCB fraction. 
The oxides ratios were calculated by dividing the 
crystalline oxide by the short-range order (Oxalate) 
fraction. These fractions are important in evaluating the 
degree of pedogenesis and soil development of the forest 
islands and the adjacent ecosystems.

Statistical analyses

The data were subjected to exploratory statistics 
to identify the most suitable model for data analy-
sis in R Studio. A comparative analysis of nutrients 
and mineralogy on the three ecosystem types was 
conducted using the principal coordinate analysis 
(PCoA) model. This technique works by first reduc-
ing the dimensionality of the data by identifying prin-
cipal “axes” of differentiation among land use types, 
which represent distinct combinations of chemical 
and mineralogical data. The PCoA has the advantage 
of allowing the user to tune the similarity of the dis-
tance metric used for comparison; this fact yields a 
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more flexible tool regarding the dynamics or range of 
the different variables (Chahouki 2011)1. A resem-
blance matrix is built by comparing each element of 
the data matrix to one another using the chosen com-
parison metric d:

This matrix is then squared and centered as 
follows:

where Ai¯, Aj¯and A¯ denote the means taken of 
each row, column and the whole matrix, respectively. 
This matrix transformation does not affect the dis-
tance relationships between the samples and hence 
keeps the structure of the data. This technique is fully 
described by König et al. (2023).

The Scientific Graphing Functions for Factorial 
Designs (Sciplot) package was used to generate the 
interaction graphs. Deming regression, which is an 
errors-in-variables model that fits a line describing 
the relationship between two variables, was used to 
fit the relationship between savanna and forest island, 
and savanna and farmlands for some of the soil 
nutrients.

Results

Mineralogical differences between locations

Quartz and kaolinite dominated the soils of CHN and 
NKZ in Ghana; ELE, ONP and TOE in Nigeria and, 
HOU, KAD, and KPL in Burkina Faso. Potassium-
feldspar (orthoclase, sanidine, and microcline) though 
with a significant amount of quartz, dominated the 
soils of WSM and ILU in Nigeria, and NAG location 
in Ghana (Table 2).

Apart from the dominant minerals, mica (mus-
covite) and K-feldspar were particularly abundant 
in the ELE and TOE, respectively. Locations HOU, 
ILU, ONP, NKZ and TOE were rich in iron oxide 
minerals. Goethite is the most abundant Fe oxide at 
ILU although hematite is also present in quantities 
near the detection limit (~ 2%) but in HOU and ONP, 
hematite was the dominant iron oxide mineral. At 

∀ij ∈ {1,… , n},Dij = dx(i), x(j)

Aij = D2ij

Bij = Aij − Ai− − Aj− + A−

NKZ, both hematite and goethite were present, with 
the most intense peaks assigned to hematite. For the 
TOE forest island, cronstedtite, Fe-rich member of 
the kaolinite-serpentine group was found. Zeolite was 
present in WSM, KAD and KPL soils.

Muscovites were detected at trace quantities in 
soils of CHN, ILU, and TOE while small amounts 
of feldspars were identified in KPL soil. Minor 
quantities of hornblende, and anatase were also 
observed in WSM and NKZ soils, respectively. 
Aluminum phosphate was present only in KPL soils 
(Table 2).

Mineralogical differences between land use types

There were no major mineralogical differences 
between the forest islands and the other ecosystem 
types (farmland and open savanna) at each location 
as the ecosystems showed very similar major 
mineralogical compositions (Table  2). However, 
there were minor differences in the mineralogical 
composition of the soils between the forest islands 
and the adjacent ecosystems and this varied with the 
geographic locations but there was no specific pattern 
across the agro-ecological zones. Quartz and kaolinite 
dominated the forest island soils of CHN, ELE, ONP, 
HOU, KAD NKZ, KPL, and TOE (Table  2). Over 
seventy percent (≥ 73%) of the forest islands was 
dominated by quartz and kaolinite while K-feldspar 
dominated the soils of WSM, ILU, and NAG forest 
islands. In most cases, these differences were in terms 
of the abundance of a particular mineral species in 
the forest island than in either the farmland or open 
savanna.

Variations of iron and aluminum oxides fractions 
between the locations

There were significant differences in the abundance 
of short-range order (SRO), Citrate bicarbonate-
dithionite extractable (CBD) and crystalline fractions 
(CBD –SRO) of iron and aluminum oxides across 
the various locations (Fig.  2). Navrongo (NAG) of 
Ghana had the least SRO Fe oxide fraction (Fig. 2A) 
while ELE and WSM of Nigeria had the least 
concentrations of both CBD and crystalline Fe oxide 
fractions (Fig.  2B). Ilua (ILU), KPL and ONP had 
the highest SRO, CBD and crystalline fractions of Fe 
oxides among the other locations. There were little 
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differences between the Fe oxide ratio though these 
were confounded by the large variation in the oxide 
ratios of KPL soils. Contrarily, NKZ had the lowest 
SRO Al oxides while TOE and KPL had the highest 
SRO Al (Fig.  2D - F). The lowest concentration of 
CBD Fe oxides occurred at WSM while the highest 
occurred at KPL, NKZ and TOE. The differences 
in the concentration of CBD Fe oxides among 
the other locations was very low. The highest and 
lowest concentrations of the crystalline iron oxides 
occurred at NKZ and WSM, respectively. Significant 
differences in crystalline Fe oxides were also found 
among other locations. The highest and the lowest 
Al oxides ratios were found at WSM and NKZ, 
respectively.

Variations of iron and aluminum oxides fractions 
between the land use types

There were clear differences in the short-range-
ordered (SRO), citrate-bicarbonate-dithionite (CBD) 
and crystalline fractions of iron (Fe) and aluminum 
(Al) oxides (CBD—oxalate extractable form) in the 
soils as functions of land use types (Fig.  2). There 
were no significant differences between the farmland 
and forest island with respect to the SRO and CBD 
Fe oxide fractions while those of the open savanna 
differed significantly (p value < 0.001, Fig.  2A-F). 
Further analysis shows that the short-range-order Fe 
fraction in the savanna varied directly proportional 
to those in the farmland and forest island while 
the total pedogenic Fe oxides in the savanna vary 
inversely proportional to those in the farmland and 
directly proportional to that of the forest island. The 
open savanna had the least SRO, the highest CBD 
and the highest crystalline Fe oxides among the other 
ecosystem types. Changes in the Al oxide fractions of 
the land use types follow a similar trend. The savanna 
had remarkably the lowest amounts of SRO and CBD 
Al oxides fractions (Fig. 2D -F).

Soil pH and electrical conductivity differences 
between locations

Soil pH and electrical conductivity varied considerably 
among the selected locations. The mean pH values 
ranged between 5.8 and 7.8 while EC ranged from 
0.4 to 6.4 dS  m−1. Toece in Burkina Faso (TOE) had 
significantly the highest soil pH followed by NAG Si
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(Navrongo, Ghana) while the lowest mean values 
occurred at CHN, ELE, KPL, ONP, and WSM (Fig. 3). 
The highest and lowest mean EC were found at NAG 
and KAD, respectively (Fig. 3).

There were considerable differences in the EC 
values in the soils of the other locations. For instance, 
ELE clearly had a higher EC value than in locations 
such as HOU, ILU, NKZ and ONP.

The adjacent farmlands varied in their soil pH and 
EC between 4.0 and 9.2 with a standard deviation of 
0.2, and 0.2 and 6.4 dS  m−1with a standard deviation 
of 0.3, respectively. Likewise, the soil pH and EC 
of the open savannas varied from 4.1–7.1 and from 
0.2–14.0 dS  m−1, respectively. The forest islands had 
the highest soil pH and EC values. The farmland has 
the lowest EC while the adjacent open savanna has 
the lowest soil pH.

Soil organic carbon, total nitrogen and carbon stocks 
between locations and land use types

Soil organic carbon (SOC) among the forest 
island locations of West Africa showed significant 
differences between locations (P < 0.05, Fig. 4). The 

NAG soils had the highest SOC values, which ranged 
from 1.5 to 5.7% in the 0–20 cm topsoil (Fig. 4a). The 
KAD forest island in Burkina Faso had the lowest 
SOC values. The SOC values also varied significantly 
between the land use types. The forest island had 
the highest values while the least was observed in 
farmlands (Fig. 4b).

Soil total nitrogen differed among the locations 
(Fig.  4b) and land use types (Fig.  4d) and the 
differences followed a similar trend as SOC. 
Figure 5 shows the distribution of the soil organic 
carbon stocks in the various locations and under 
the 3 ecosystem types at 0—5 and 0 -30 cm depths. 
Carbon stocks in forest islands at 5  cm depth 
were twice that of savanna and four times that of 
farmland. Within the 0–30 cm depth, carbon stock 
in the forest island quadrupled that of savanna and 
farmland. The site at NAG has the highest carbon 
stocks; 38.7  Mg/ha at 0–5  cm and 200  Mg/ha at 
0–30 cm depth.

The relationship between soil organic matter and 
soil nutrients (cations) under the ecosystems were 
tested with significant and high positive correlations 
between them (Table S3). Specifically, soil organic 

Fig. 2  The distribution of iron oxide fractions in the different locations SRO = short-range-order fraction = Oxalate extractible form; 
CBD = citrate-bicarbonate-dithionite fraction; Crystalline fraction = CBD – SRO
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matter (SOM) had a positive and significant rela-
tionship with the exchangeable calcium (0.858**), 
exchangeable magnesium (0.891**), exchange-
able potassium (0.849**) and the effective cation 
exchange capacity (0.877**).

Differences between locations in soil exchangeable 
cations and cation exchange capacity

Soil exchangeable cations and cation exchange 
capacity varied significantly among the selected 

locations. The highest mean concentrations of 
potassium (K), calcium (Ca) and magnesium 
(Mg) were found at NAG while the highest 
concentration of sodium occurred at TOE (Fig. 6). 
Onipatako (ONP) had the lowest K while most of 
the locations were low in  Na+. The KAD had the 
least concentrations of  Ca2+and  Mg2+ as well as the 
lowest ECEC. The soils of NAG had significantly 
the highest ECEC among the locations (Fig.  7). 
There were little differences among the other 
locations in their exchangeable cations and effective 
cation exchange capacities.

Fig. 3  Differences in soil pH and electrical conductivity across the study area
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Fig. 4  Soil organic carbon and total nitrogen differences in location and land use types of West Africa at the 0–20 cm soil depth. 
SOC = OC = soil organic carbon, TN = total soil nitrogen

Fig. 5  Soil organic carbon stocks at 5 and 30 cm depth in the different land use types of West Africa
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Differences in soil exchangeable cations and cation 
exchange capacity between land use types

The soil exchangeable cations varied significantly 
(P < 0.05) among the land use types (Fig. 8). Gener-
ally, the exchangeable cation (K, Na, Ca, Mg) con-
centrations, as well as the effective cation exchange 
capacity (ECEC) of forest island were consider-
ably higher compared to either the farmland or the 
open savanna. There were no significant differences 

(P > 0.05) between the farmland and the open savanna 
in the concentrations of the exchangeable cations and 
the ECEC.

Co‑variations of soil nutrients with the mineralogical 
compositions of the land use types at the different 
locations

Soil nutrients such as calcium, magnesium, and 
potassium were abundant in locations such as WSM 

Fig. 6  Differences in soil exchangeable cations between locations

Fig. 7  Differences in soil 
effective cation exchange 
capacity between locations 
and ecosystems
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forest island, NAG and CHN farmlands where feld-
spars, hornblende, smectites and mica/illite were 
detected (Fig.  9). In the first quadrant, Short-range-
order Fe oxide (Feo) which is the most reactive forms 
of iron oxides co-migrate with the exchangeable acid-
ity mostly in the forest islands (TOE, HOU, KPL, 
ILU). Kaolinite, quartz, hematite, and anatase were 
predominant in farmlands. The scores of the princi-
pal component analysis also showed that there was a 
co-migration of short-range-order Fe and Al oxides 
with the pH, exchangeable aluminum, and variscite 
(aluminum phosphate) and this condition was preva-
lent at TOE farmland and forest islands at TOE, ELE, 
CHN, ILU and HOU (Fig. 9). In the second quadrant, 
the soil macronutrients were oriented within the same 
direction as illite, mica, smectites, and potassium 
feldspar, among others. This situation was preva-
lent at Navrongo and Wasimi-Okuta forest islands, 
Navrongo and Changnayili farmlands. Most of the 

savanna sites have chlorite and zeolites in their under-
lying soils as shown in the third quadrant. Quartz, 
kaolinite, hematite, and anatase which are very resist-
ant non-weatherable minerals were detected in most 
of the farmlands. Hence, they were oriented in the  4th 
quadrant with Eigenvalues of 5.04 (Dim. 1) and 3.56 
(Dim. 2).

Discussion

The major mineralogical compositions of the forest 
islands and the adjacent ecosystems (farmlands and 
the open savannas) were similar, which suggests 
that mineralogy of the soils had no direct effect 
on the processes leading to the development of the 
forest islands in West Africa. Corroborating the 
XRD findings, the inconsistent differences observed 
in the short-range order (oxalate extractable) and 

Fig. 8  Differences in soil exchangeable cations between the land use types irrespective of location
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dithionite-citrate-bicarbonate extractable iron and 
aluminum oxides of the soils underlying the forest 
islands, farmlands, and the open savannas across the 
various landscapes and agro-ecologies also portend 
that the forest islands are more likely to be caused 
by anthropogenic rather than edaphic factors (Liu 
et al. 2009). The results suggested therefore that the 
soils of the forest islands and those of the adjacent 
land use types essentially originated from the same 
pedogenic processes.

Soil mineralogy by X-ray diffractometry and wet 
chemistry (iron and aluminum oxides) provided very 
useful information on the state of soil development 
and the associated pedogenic processes which have 
either taken place in the soil or are in progress (Barrera-
Bassols and Zinck 2003; Ajiboye et  al. 2018). These 
have implications for the use and management of such 
soils. For instance, the fractions of iron oxides have a 
direct impact on the formation of stable aggregates in 
the soil (Bougma et  al. 2022). Recognizing the West 
African forest islands as products of human intervention 
on savanna soils implies that socio-cultural activities 
by the local communities represent viable tools for 
soil transformation from a less productive state to a 
productive soil capable of supporting forest growth 
under limited precipitation regimes. These activities, 
for example, include dumping of refuse or household 

wastes, animal excreta, etc. by the villagers with some 
sort of protection to the forest growth from encroachment 
and bushfire as some were considered culturally, as 
sacred groves or “place for the gods”. Fairhead and 
Leach (1998) reported cases of similar forest islands 
around villages at Kissidougou region, south-eastern 
Guinea; which were created and maintained by the 
villagers. The forest islands were of social, economic and 
cultural importance to the local communities. This lends 
plausibility to the maintenance and preservation of such 
forests around homesteads and exemplifies an age-long 
process of soil improvement in West Africa. Here we 
corroborate their suggestion with quantitative evidence 
from Nigeria, Ghana, and Burkina Faso.

In terms of mineralogical complexity, the for-
est islands are diverse and could be categorized into 
those rich in quartz and kaolinite, and those rich in 
feldspars. About 70% of the forest islands fall into 
the first category while the remaining 30% are in 
the latter category. The differences among the forest 
islands in the magnitude of oxalate extractable and 
dithionite-citrate-bicarbonate extractable iron oxides 
are not distinctive. A major missing link between 
these forests has been whether or not they are geo-
chemically the same at least in some functional soil 
properties. The results of this study show that the for-
est islands are geochemically diverse. The trend of 

Fig. 9  Comparative analysis of the mineralogical and nutrient compositions with respect to their dominant sites
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diversity does not follow the agroecological division 
but the geographic locations and the specific nutrient 
or soil property being considered. NAG (Ghana) and 
TOE (Burkina Faso) forest islands are for example, 
comparable in their pH values. The other 10 forest 
islands are very similar in their carbon, nitrogen, and 
phosphorus contents. Soil organic matter is a major 
source of nutrients (such as nitrogen, phosphorus, 
sulphur among others) in forest island ecosystem. 
This explains the coupling of SOC and total nitrogen 
(Mesele and Ajiboye 2020). The soil organic matter 
in the present study revealed significant and positive 
correlations with the effective cation exchange capac-
ity of the soil, and the exchangeable cations such as 
Ca, Mg, and K.

Carbon stocks in the forest islands were twice 
those of the savanna and quadrupled those of the 
farmland within the 5 cm soil depth. At deeper depths 
(0 – 30 cm), carbon stocks in the savanna and farm-
land were similar and were four times lower than 
those in the forest islands. This remarkably higher soil 
organic carbon stock of the forest islands (Figs. 4, 5) 
relative to adjacent ecosystems shows that there has 
been a relative buildup of soil organic matter within 
the forest island ecosystem. The soil organic matter 
accumulation (through litter fall and human addi-
tions) may directly affect ecosystem carbon storage 
(Liu et al. 2016) and forest growth via improvement 
in soil quality through the release of nutrients such 
as N, P, K, Ca, Mg, and S after mineralization, and 
this is partly seen in the high and positive correlation 
between the soil organic matter and the exchangeable 
cations in this study. Adjunct to climatic conditions, 
cation availability has been directly linked to tropi-
cal forest formation in West Africa and elsewhere in 
the tropics (Veenendaal et  al. 2015). More recently, 
Bougma et al. (2022) found that organic carbon and 
macroaggregates are closely linked in West African 
ecosystems and thus suggest that soil organic car-
bon improves soil aggregate stability of forest islands 
through key organo-mineral mechanisms. The main-
tenance of these forest islands in the West-African 
savanna landscapes, thus, provides insight into long-
term indigenous innovative land management prac-
tices that could reduce the adverse effects of climate 
change on rural livelihoods.

The low level of SOC observed within the farm-
lands of West Africa is a cause of concern not only to 
agroecosystem sustainability but also to sustainable 

food production and food security within the region. 
The low soil organic matter content of the agricultural 
lands has been attributed to several factors including 
but not limited to inappropriate land management 
practices, impact of tillage, higher rate of decomposi-
tion, erosion, and lower vegetation cover (Bakker et al 
2005; Blanco and La1 2008; Mesele et al. 2016). The 
latter also exaggerate the severity of soil erosion with 
a concomitant loss in soil organic carbon and a gen-
eral decline in soil productive capacity (Mesele and 
Adigun 2017).

Many of the forest islands (> 55%) are rich in 
soil exchangeable potassium. Forest islands at ELE, 
ILU and NAG with high potassium concentrations 
have K-feldspar and muscovite mica as their parent 
materials. Potassium-feldspar is rich in potassium 
and these K ions are released through pedogen-
esis (Masood and Bano 2016). Some authors have 
reported that 98–99% of the potassium is found in 
the crystal structure of K-bearing minerals of K-feld-
spars and micas (Bakker et al. 2019; Brouder 2011; 
Mengel et  al. 2001). This underscores the impor-
tance of mineralogy in soil nutrient availability and 
retention (Ajiboye et al. 2019). Potassium may play 
an important role in woody vegetation cover for-
mation (Lloyd et  al 2015; Ametsitsi et  al. 2020). 
The observed high level of potassium in the forest 
islands are indeed consistent with the Combined 
Water and Potassium (CWAK) hypothesis of Lloyd 
et al (2015) which states that potassium is an impor-
tant modulator of tropical vegetation structure and 
functions, particularly in water-limited environments 
where water content within the rooting zone is criti-
cal. Other studies have previously also pointed to the 
role of potassium availability in accounting for dif-
ferent ecosystem types (forest, savanna) over wide 
precipitation gradients (Egilla et  al. 2005; Tripler 
et  al. 2006; Rossatto et  al. 2013;Viani et  al. 2014). 
Other cations could as well play a role (Veenendaal 
et  al. 2015) but the evidence for this is less pro-
nounced. The forest islands are similar in their 
sodium concentrations with the exception of TOE, 
which has relatively high sodium ions. This high 
sodium concentration in the TOE forest island gave 
credence to the observed high EC values in this eco-
system (Richardson et al. 2017). There are a few dif-
ferences between the forest islands in their calcium 
and magnesium concentrations in the soil. With 
the exception of the locations rich in potassium, 
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calcium, and magnesium ions predominate the soil 
exchange sites of the forest islands.

As evidenced earlier by mineralogy, the forest 
islands and farmlands are products of anthropogenic 
influence on the natural ecosystem. Generally, there 
were changes in soil nutrient status due to ecosys-
tem changes (Matias et  al. 2011). Calcium decreased 
in the farmland over the savanna but increased in the 
forest island over the savanna (Fig. 8); consequence of 
relatively more weatherable minerals (rich in dibasic 
cations) in the forest island soils compared with the 
savanna (Table 2). Lloyd et al. (2015) concluded that 
savannas are found on soils of a consistently lower 
cation status and K in particular) than their forest 
counterparts. The capacity of the soil to hold cations 
(CEC) declined in the farmland relative to the savanna 
while it increased in the forest island over the savanna 
(Fig. 9) implying that as savannas are transformed into 
forest islands, the capacity of the soil to hold cations 
improves, stimulating forest formation (see e.g. Lloyd 
et al 2015 and Ametsitsi et al. 2020). As observed in 
this study, the higher organic carbon and dibasic cat-
ion-rich minerals led to higher nutrients in the forest 
islands than in the other land use types. This is because 
the soil organic matter (SOC is a measurable compo-
nent of the soil organic matter) and the clay content 
(minerals) are key determinants of the soil CEC. These 
observations are in alignment with the recent works 
of Arthur et al. (2020), Ramos et al. (2018), Sulieman 
et  al. (2018), and Wood et  al. (2018). The establish-
ment and development of forest type vegetation on 
savanna landscapes of Wenwuta in the North-West of 
Liberia as reported by Frausin et al. (2014) led to soil 
enrichment. Similar to the observations in this study, 
Frausin et al. (2014) found nutrient-enriched dark soils 
under forest islands in Pujehun, Kenema and Bo dis-
tricts of South-East Sierra Leone. It was perceived 
that several household and agricultural practices con-
tributed to the creation of the enriched soils (Fairhead 
et al. 1996; Altieri et al. 2012). The decomposition of 
the waste materials over time enriches the soil. This 
process is comparable to the phenomenon of Terra 
preta in the Amazon. The Amazonian dark earths has 
many important similarities with most of the soils 
of forest islands in West Africa; both sharing similar 
socio-cultural history, pedogenic processes, and fertil-
ity status (Fairhead and Leach 2009; Glaser and Birk 
2012; Lima et al 2002).

Thus, this study provides scientific evidence to the 
aphoriss of the people of Guinea Republic of West 
Africa that God made the soil while the people made 
it fertile (Frausin et  al. 2014; Fairhead and Leach 
2009). The ability of these soils to support forest 
formations under low precipitation regimes provides 
opportunities for sustainable wood and forest prod-
ucts production and accentuates the significance of 
indigenous innovations in soil management.

Conclusions

The study highlighted the limited mineralogical 
diversities between the ecosystem types (forest island, 
savanna, and farmland) of West Africa and showed 
that the forest islands themselves are mineralogically 
diverse from one location to another. These suggest 
that in each of the locations studied, the soils underly-
ing them, all originated from a similar parent material 
and that the soil mineralogy itself plays a little role in 
the forest island formation.

We also evaluated a matrix of soil chemical prop-
erties that relate to soil fertility enhancement, com-
pare land uses on some major chemical properties 
across a climatic gradient in West Africa and con-
clude that irrespective of location or agro-ecological 
zone, the forest islands have higher soil nutrient status 
or nutrient holding capacity than their surrounding 
land use types. The soil organic carbon, exchangeable 
calcium, and potassium are the main edaphic factors 
improved through forest island establishment. Hence, 
soil fertility improvement created a favourable condi-
tion that changed the vegetation composition, micro-
climate leading to the formation and sustenance of 
forest islands. We conclude that soil organic carbon 
and soil exchangeable potassium play a leading role 
in the West-African forest island phenomenon.

Our findings also confirm that forest islands are not 
the products of major soil differences but that human-
originated soil nutrient enhancement has induced their 
establishment. The cultural and socio-economic prac-
tices of the local communities underpinned the crea-
tion of such forests around homesteads. Overall, the 
study provided insights into how human-originated soil 
nutrient enhancement has induced forest island estab-
lishment in open savanna landscapes and the mineral-
ogical attributes of such anthropogenic ecosystems.
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