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influence soil aggregate stability- a key indicator of 
soil resilience to degradation through erosion. We 
compared the proportion of stable soil aggregates of 
the forest islands with nearby croplands and natural 
savanna vegetation across a precipitation transect in 
West Africa for which mean annual precipitation at 
the study sites ranges from 0.80 to 1.27 m a−1.
Methods  Soil samples were taken from 0–5 cm and 
5–10 cm depths and stability of soil aggregate groups 
with diameters: > 500  μm, 500–250  μm and 250–
53  μm (viz. “macroaggregates”, “mesoaggregates” 

Abstract 
Purpose  In the mesic savannas of West Africa, 
areas around villages of relatively tall and dense for-
est vegetation are often found. These ‘forest islands’ 
are presumably the direct outcome of human activ-
ity. To better understand these patches with relatively 
luxuriant vegetation, our study focused on how they 
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and “microaggregates” respectively) determined 
using the wet sieving method.
Results  The results showed significantly (p < 0.05) 
higher proportion of stable soil meso- and macro-
aggregates in forest islands and natural savanna than in 
agricultural soils. Although there was no effect of land-
use type on microaggregate stability, there was a strong 
tendency for the stable microaggregates across all land 
use types to increase with increasing precipitation. Soil 
organic carbon and iron oxides contents were the most 
important factors influencing meso and macro-aggre-
gate stability in the West African ecosystems.
Conclusion  We conclude that formation of stable 
soil microaggregates in the West African ecosystems 
was climate or precipitation driven whereas the more 
labile and larger-size groups of meso-and macro- 
aggregates was land-use driven. The study provides 
first insights in soil quality processes in a poorly 
studied but unique phenomenon of man-made forest 
islands in West Africa.

Keyword  Land use, Stable soil macroaggregates, 
Stable soil microaggregates, Vegetation, West Africa

Introduction

In West Africa, both natural and human dominated 
ecosystems are often affected by land degradation 
processes, with soil erosion usually considered a 
major threat to long-term sustainability (Bashagaluke 
et al. 2019). The erosion process itself results from a 
complex combination of climatic and anthropogenic 
factors (Zombré 2003). In general, soil aggregate sta-
bility is a key metric for assessing soil susceptibility 
to erosion (Barthès and Roose 2002) as it strongly 
influences the rates of water infiltration and runoff, 
and plays a key role in the dynamics and stabilization 
of soil organic matter (Six et al. 2000a).

Earlier studies have shown that soil aggregate 
formation and stabilization is a complex process 
influenced by intrinsic soil propeties inter alia soil 
organic matter content and clay mineralogy, cli-
matic conditions and land use patterns (Larvee et al. 
1991; Six et  al. 2000b; Barthès et  al. 2008; Ouat-
tara et  al. 2008; Mataix-Solera et  al. 2011; Erktan 
et  al. 2015). Tillage, for example, mixes the soil 
surface layers and exposes soil aggregates to wet-
dry cycles (Roose 1981; Beare et al. 1994; Whalen 

et  al. 2003). As a result, decomposition of organic 
matter is increased, weakening soil aggregate sta-
bility (Hadas 1990). Soil organic matter is a main 
element in the cohesion and hydrophobicity of soil 
aggregates (Igwe and Nwokocha 2006). Labile 
organic matter and microorganisms sustain water 
stable macroaggregates, which becomes vulnerable 
to unsustainable agricultural practices.

Recently, several studies showed the role of soil 
organisms and vegetation structure and/or spe-
cies composition as additional factors influenc-
ing the stability of soil aggregates (Six et  al. 2000a; 
Chartier et  al. 2011; Berendse et  al. 2015; Gould 
2016; Kamau et al. 2020; Morlue et  al. 2021). Their 
attention focused on diverse aspects of above- and 
below-ground biotic-soil interactions influencing soil 
physical and chemical characteristics. Of particular 
importance may be the influence of vegetation forma-
tions of different plant functional types, which influ-
ence the soil physical environment, increase and sta-
bilize soil structure and enhance the pore system (Le 
Bissonais et al. 2018; Boonman et al. 2020). However, 
the impact of the unique man-made ‘forest islands’ 
(FI) in West Africa on soil aggregate stability has not 
been studied. This is despite the potential implication 
for land mangement as the forest islands could be use-
ful in minimizing soil erosion at the landscape scale 
and in the provision of other ecoystem services.

Forest islands are dense vegetation typically of 
0.1 to 10 ha area, constituting a unique phenomenon 
surrounding many village areas in the West African 
mesic savanna zones with a species and structural 
composition more typical of forest stands found in 
more humid regions. It has been realised that these 
ecosystems result at least in part, from the actions of 
the nearby village occupants (Jones 1963; Fairhead 
and Leach 1995). However, there have been few stud-
ies on their role and unique ecological characteristics 
(Kokou and Sokpon 2006), apart from the descrip-
tive analyses of few soil profiles (Sobey, 1978; Fair-
head and Leach 1998). The potential impacts of the 
FIs apart from soil erosion control, are relevant with 
regard to many aspects related to soil hydrological 
system and in preserving and sustaining soil biodi-
versity conservation, soil carbon storage, and may 
provide a valuable insights for the massive tree plant-
ing drives in the Sudano-Sahelian zone (https://​www.​
great​green​wall.​org/). Thus, further understanding of 
FI function is of main importance.

https://www.greatgreenwall.org/
https://www.greatgreenwall.org/
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This study contributes to the knowledge of the 
edaphic properties of FIs through assessing soil 
aggregate stability in comparison with adjacent nat-
ural savannas and cultivated fields in West Africa. 
Considering the recent studies on the importance 
of biodiversity and vegetation cover on soil quality 
(Chartier et  al. 2011; Berendse et  al. 2015; Gould 
2016), we hypothesize that soil aggregate stability is 
higher under forest islands than in adjacent savanna 
or agricultural field.

Material and methods

Sampling locations and site descriptions

The study was carried out in 2016 and 2017 in 11 
locations across Burkina Faso, Ghana and Nigeria 
(Fig.  1, Appendices S1, S2). The study sites were 

distributed across three agro-ecological zones (AEZ) 
as defined by Ker (1995). At each of the eleven loca-
tions, three land-use types were selected for sampling 
as follows:

Forest island (FI) plots consisted of patches of 
forests around villages with open landscape mosaic 
of relatively open savanna vegetation and agri-
cultural fields. The trees are tall, being 15 to 20 m 
high with typically more than 400 individuals per 
hectare with diameter at breast height (D) greater 
than 10  cm. Selection of the forest islands was 
based on prior knowledge and ground-based survey. 
Forest islands created as a result of anthropogenic 
activities of the villagers (e.g. dumping of refuse 
or household wastes, animal excreta, etc.) were 
selected.

Savanna (SA) plots may be considered as natural 
vegetation type from all three agro-ecological zones 
(AEZ). Trees were typically between 5 to 10 m high 

Fig. 1   Location of study areas. Although Ilua and Elewure forest islands were quite close (< 10 km apart), each generally possessed 
unique features of biodiversity, hence their selection for the study
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and with a density of 50 to 100 trees (D > 10  cm) 
per hectare. Due to their open nature, these savanna 
formations were typically with an abundant ground 
layer of grasses and herbs.

Agricultural field plots (AF) were selected as 
close as possible to the FI and SA plots and, from 
discussions with local village inhabitants, had been 
cropped for 10 years or more. In Burkina Faso, the 
cropland study sites were cotton based or cereal-
based fields. In Ghana, the cropping areas were 
monocultures of maize. In Nigeria, they were maize 
or mixture of maize/cassava or legumes.

Proximity of the land-use systems at each 
location: In Nigeria, the three land-use systems at 
each location 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 the Nkoranza cropland, 
which was ca. 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.

Soil sampling

At each of the 11 locations, soil samples were 
collected from FI, SA and AF during the peri-
ods July to August, 2016 and August, 2017. Soil 
sampling on agricultural fields was done at peak 
vegetative phase and in few cases, at crop physi-
ological maturity. The size of the sampling area 
was 0.16 ha which was divided into four 20 × 20 m 
subplots for soil sampling. Within each subplot, 
five samples were taken randomly from each of 
0–5 and 5–10 cm depths using an undisturbed soil-
sampling auger (Eijkelkamp Agrisearch Equip-
ment BV, Giesbeek, The Netherlands). The five 
samples were composited and subsample taken, 
representative of each subplot. The soil samples 
were subsequently air-dried and stored for labora-
tory analysis.

Soil aggregate stability

The wet sieving method (Mathieu 1998) was used 
to determine soil aggregate stability. This method 
consists of passing air-dried soil samples through 
4000  μm, 500  μm, 250  μm and 53  μm sizes sieves 

(not sequentially) to obtain three aggregate groups 
defined as “macroaggregates” (4000–500 μm), “meso-
aggregates” (500–250  μm) and “microaggregates” 
(250–53 μm). To measure the stability of each aggre-
gates group, 3.0 g of soil sample previously moistened 
by spraying with distilled water was placed, accord-
ingly, on the sieves which were then placed on the wet 
sieving equipment, and shaken slowly backwards and 
forward for one hour. Thus, the unstable soil aggre-
gates passed through the sieve mesh. At the end of the 
sieving procedure, stable soil aggregates remained in 
the sieve were collected in a cup, oven dried at 105 °C 
for 24 h and then weighed. The sand fraction of each 
aggregate group was then determined after destruction 
of organic matter through addition of 3 ml of hydro-
gen peroxide and heating until all bubbles disappeared 
from the soil–water mixture. Thereafer, the solution 
was made up to 75 ml with distilled water and the soil 
particles dispersed using sodium hexametaphosphate. 
Afterwards, samples were washed on a 0.5 mm sieve 
and then dried and weighed. The stable soil aggregates 
(ΦA) was then calculated using the following formula 
(Bloin et al., 1990).

where Pag = the dried total soil remaining in the sieve, 
Pe = the weight of soil sample used and Ps = weight of 
the sand in the sample.

Particle size analysis

The distribution of the sand, silt and clay fractions 
were done using Robinson-Köhn method. This 
method consists of destruction of organic matter by 
hydrogen peroxide followed by particle dispersion 
with sodium hexametaphosphate, with subsequent 
separation of silt and clay particles by sedimenta-
tion with sands by sieving (Mathieu, 1998).

Chemical analysis

For chemical analyses, soil samples were air-dried 
and sieved on 2-mm mesh. Soil pH was measured 
using the electrode method in a ratio of soil / water 
of 1: 2.5. Soil organic carbon content was determined 
in an automated elemental analyzer (Vario MACRO 
cube, Elementar Germany).

(1)ΦA = (Pag − Ps)∕(Pe − Ps)
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Free iron and aluminium oxides were determined 
according to the procedure of Mehra and Jack-
son (1960), using the dithionite-citrate-bicarbonate 
(DCB) after destruction of organic matter in a mix-
ture of concentrated nitric acid and perchloric acid. 
The digest was analyzed colorimetrically for Fe 
(o-phenanthroline) and Al (aluminium).

The oxalic acid-extractable Fe and Al, the amor-
phous forms of Fe and Al, were extracted using 
ammonium oxalate (McKeague et  al. 1971). Deter-
mination of Al and Fe in all the digests was done by 
the xylenol–orange colorimetric method (McKeague 
1971).

Statistical analysis

Here, we used generalized linear mixed models 
(GLMMs) to evaluate the potential joint effects of 
mean annual precipitation amount (v), land-use (L) 
and sampling depth (d) (independent variables) on 
soil aggregate stability (dependent variable) accord-
ing to:

where fdcp is the stable soil aggregate fraction f as 
measured at depth d of core c in subplot p; α000 is the 
overall mean value of f at 0–5 cm depth for agricul-
tural fields (AF) across the dataset (intercept term 
with all model input centered on the dataset mean 
annual precipitation amount (PA) of 1.01 m a−1), α001 
is a fitted variable describing the response of f to PA, 
γi is the response of f to the land use indicator vari-
able L (for which AF = 0, forest island (FI) = 1 and 
savanna (SA) = 2); γj is the difference in f between 
the upper and lower sampling depths for core c within 
subplot p; U00p represents the variance associated 
with subplot location (i.e. the systematic component 
of the subplot variation that is not accounted for by 
the precipitation and land use terms); V0cp is the 
within-plot variation (i.e. the variance associated with 
the sampling of replicate cores within individual sub-
plots) and Rdcp is the residual variance.

The arcsine transformation of fdcp was incorpo-
rated so as to allow for the binomial-type distribu-
tion of proportions with the logarithmic transforma-
tion making the covariates multiplicative rather than 
additive. The latter effect can easily be seen through 

(2)log
10

[
arcsin

(
fdcp

)]
= �

000
+ �

001
PA00p + �iL00p + �jd0cp + U

00p + V
0cp + Rdcp

a rewriting of (Eq.  2) as (ignoring subscripts where 
possible for convenience)

In terms of precipitation sensitivities, Eq.  3 may 
also be differentiated as (taking the indicator vari-
ables γ0 and γi as zero (= AF) for simplicity)

Note that for the fitting of the mixed model, the 
input precipitations were centered on the dataset 
mean of 1.01 m a−1. This means that, once appropri-
ately back transformed, the fitted intercept gives an 
estimate of f at the dataset mean precipitation rather 
than the (relatively meaningless) PA = 0  m a−1. Fur-
ther, from generalized linear mixed-effects models, 
Nakagawa and Schielzeth (2010; 2013), have derived 
two easily interpretable values of  R2. The first is 
called the  marginal  R2m  and describes the propor-

tion of variance explained by the fixed factor(s) alone. 
The second is the  conditional  R2c, which describes 
the proportion of variance explained by both the fixed 
and random factors.

Results

Effects of rainfall amount and land use on soil 
aggregate stability

Here we evaluated the variations in soil aggre-
gate stability with land-use type and precipitation 
amount at 0–5 cm depth only (Fig. 2) with the fit-
ted lines coming from the mixed model analysis of 
Table  1. For the stable microaggregates (Fig.  2a), 
there was a strong increase in proportion with pre-
cipitation amount (p < 0.001) but no effect of land 
use (p > 0.1). Due to the centering of PA, the inter-
cept of -0.030 equates to a predicted fmicro of 0.80 
for agricultural fields (AF) at the dataset mean of 
1.01 a−1. Although the fitted equation is linear 
in form, due to the data transformations, fmicro is 

(3)f = sin

(
10

[
�
0
+�

1
PA+�iL+�jd

]
=sin

(
10

[�0+PA]
10

�iL10
�jd

))

(4)

df

d⟨PA⟩
= �

1
∙ cos

�
10[�0+�1PA]

�
∙ 10[�0+�1PA] ∙ log(10)
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actually a saturating function of PA. For example, at 
a lower PA = 0.80 a−1 then fmicro = 0.56 with the rela-
tive increase in fmicro per 10 mm of PA of 1.9%. On 
the other hand, at the higher PA = 1.20 a−1 then the 
model pedicts a fmicro of 0.99 and with each 10 mm 
increase in rainfall being associated with a relative 
increase in fmicro of just 0.2%. It is also evident that 

there is an effect of depth (p < 0.05) with the regres-
sion coefficient of -0.086 ± 0.029  m−1 suggesting 
that fmicro were typically 13.7% lower at 5–10  cm 
depth than was the case for the upper 0–5  cm 
(Table 1).

For both the stable mesoaggregates (Fig.  2b) and 
macroaggregates (Fig. 2c), very different patterns of 

Fig. 2   Effect of land-use and mean annual precipitation on 
soil aggregate fractions at 0–5 cm depth. a microaggregates; b 
mesoaggregates; c macroaggregates. Symbol and line colours 

are as indicated in panel (a), with the fitted lines represent-
ing the fixed component of the model fits as summarised in 
Table 1. Bars represent standard deviations

Table 1   Estimates for linear mixed effects models relat-
ing variation in log × arcsine transformed aggregate fractions 
to precipitation and land-use type. For this analysis, Mean 

Annual Precipitation PA estimates for each site have been cen-
tred on the dataset mean value of 1.01 m a−1

Microaggregates
R
2

m
 = 0.17, R2

c
 = 0.59

Mesoaggregates
R
2

m
 = 0.14, R2

c
 = 0.82

Macroaggregates
R
2

m
 = 0.14, R2

c
 = 0.82

Fixed effect Coef S.E T Coef S.E T Coef S.E t
Intercept (Agricultural field) -0.030 0.0036 -0.82 -0.805 0.101 -7.94 -0.990 0.127 -7.82
PA(m) 0.976 0.272 3.58 0.180 0.418 0.43 0.467 0.522 0.89
Forest island 0.007 0.093 0.07 0.354 0.141 2.50 0.383 0.177 2.17
Savanna -0.003 0.095 -0.04 0.227 0.142 1.60 0.401 0.177 2.27
Sampling depth -0.086 0.029 -2.97 -0.141 0.024 -5.90 -0.106 0.029 -3.62
Random Component Parameter Parameter Parameter
Within plot variance 0.0097 0.0190 0.0177
Between plot variance 0.0387 0.1086 0.1735
Residual variance 0.0474 0.0337 0.0528



Plant Soil	

1 3
Vol.: (0123456789)

variation were observed with there being no depend-
ence of soil aggregate stability on PA but with 
effects of land-use being observed in both cases. For 
example, again calculating at the data set average 
PA = 1.01 m a−1 , we obtain estimates for fmeso = 0.15 
for AF and with forest island (FI) and savanna (SA) 
modelled to have fmeso that were, on average, 122% 
and 67% higher respectively. The FI-AF difference 
here was significant only at p < 0.05. As for fmicro, 
there was an effect of sampling depth on fmeso with 
values of the 5–10 cm depth modelled as being 26% 
lower than is observed at 0–5 cm depth. Overall, the 
patterns observed for fmacro were as for fmeso (Fig. 2c), 
but with the effect of sampling depth being a little 
less marked (Table 1).

Site‑and depth‑specific variation in water stable 
aggregate distributions

With respect to site-specific aggregate stability, some 
trends were observed at both 0–5 and 5–10 cm depths 
(Fig.  3). There were generally more stable mesoag-
gregates and macroaggegates in the forest islands 

and savannas at both depths than agricultural fields 
across locations. As an example, all agricultural fields 
in Nigeria (Elewure, Onipatako, Illua and Wasinm 
Okuta) showed the least distribution of water sta-
ble mesoaggregates at 5–10  cm depth (Fig.  3e) and 
also at 0–5 cm depth except at Wasinm Okuta. Simi-
larly, all agricultural fields in Ghana (Changnayili, 
Navrongo and Nkoranza) had the least water stable 
macroaggregates at 5–10 cm depth (Fig. 3f). In both 
Nigeria and Burkina Faso, at least 50% of the sites 
showed agricultural fieds as having the least pro-
portions of stable macroaggregates at both depths 
(Figs. 3c and 3f). For microaggregate distribution, no 
clear trend was observed among the land use types, 
as precipitation was rather a controlling factor already 
established in Fig. 2a.

Soil factors underlying aggregate stability

Using Kendall’s τ and taking mean values per sub-
plot at 0–5  cm depth only, Table  2 details the 
strength of associations between the soil macro-, 
meso and micro-aggregate stability. It also shows 

Fig. 3   Site-specific variations in water stable aggregate distri-
bution at 0–5 cm (a-c) and 5–10 cm (d-f) depths. Legend same 
as for Fig.  2. KPL = Koupela (BNF), TOE = Toece (BNF), 
HOU = Hounde (BNF), KAD = Kadomba (BNF), NAG = Nav-
rongo (GHA), CHN: Changnayili (GHA); WSM = Wasinm 

Okuta (NGA), ILU: Ilua (NGA), ONP = Onipatako (NGA), 
ELE = Elewure (NGA), NKZ = Nkoranza (GHA); BNF = Bur-
kina Faso, GHA = Ghana, NGA (Nigeria). Bars represent 
standard deviations
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the correlations with and between measures of soil 
citrate-, dithionate- and pyrophosphate-extractable 
aluminum and iron, soil carbon and mean annual pre-
cipitation amount.

As expected for fmicro,, there was a strong posi-
tive association with PA (τ = 0.50; p < 0.0001), and 
with a weaker negative association with pyrophos-
phate-extractable aluminum also of note (τ = -0.26; 
p = 0.051) (Table 2). For fmeso, it was the dithionate-
extractable aluminum [Ald] that showed the strong-
est (negative) correlation (τ = -0.28; p = 0.032), and 
with both dithionate-extractable iron [Fed] (τ = 0.24; 
p = 0.068) and soil [C] being positively associated 
(τ = 0.26; p = 0.047). Overall, across sites, there 
was a very strong association between fmeso and 
fmacro (p < 0.0001), with soil [C] appearing to be a 
much stronger determinant of the latter (τ = 0.42; 
p = 0.0012). Also of note, [Fed] also showed a 
modestly strong correlation with fmacro (τ = 0.25; 
p = 0.053).

In order to separate out the potentially causative 
versus correlative factors, partial Kendall correla-
tion coefficients τP were subsequently employed. For 
example, for fmeso – testing for [Alo], [Ald], [Fed] and 
[C] separately (whilst in each case controlling for 
variation in the other three covariates) – all of [Alo], 
[Ald] and [Fed] were found to be with ||�P||< 0.22 and 
with p > 0.1. The best of the four tested predictors 
was [C] for which τP = 0.23 and p = 0.093. Although 

this result for fmeso must be regarded as negative, a 
similar analysis confirmed an unequivocal strong 
role for [C] in accounting for site-to-site variations in 
fmacro (τP = 0.39; p = 0.004). However, all three other 
tested variables have ||�P||< 0.2 and with an associated 
p > 0.2. For fmicro, the same partial Kendall’s analy-
sis suggested nothing other than a strong role for PA 
in accounting for the variations observed as already 
indicated (Table 1) with the fmicro vs. PA association 
already shown in Fig. 2a.

Discussion

Our data show a strong influence of precipitation 
amount on stable soil micro-aggregates (Fig.  2) 
whereas land use-type influenced the stable meso- 
and macro-aggregates in West Africa. Also, soil 
organic carbon content and iron oxides influenced 
the stability of soil meso- and macro-aggregates in 
the region. Here, we discuss these findings and their 
implications for maintenance of forest islands in the 
West-African savanna landscapes.

Soil micro‑aggregate stability

The strong influence of precipitation amount on the 
stable soil microaggregates (Fig. 2) is consistent with 

Table 2   Strength of association between the studied covari-
ates as estimated by Kendall’s τ (soil data for the 0 to 5  cm 
depth only). Symbols used: fmicro = micoaggregate fraction, 
fmeso = mesoaggregate fraction, fmacro = macroaggregate frac-
tion, [Feo] = oxalate extractable iron concentration, [Alo] oxa-
late extractable aluminium concentration,[Fed] = dithionite 
extractable iron concentration, [Ald] = dithionite extractable 

aluminium concentration, [Fec] = pyrophosphate extractable 
iron concentration, [Alc] pyrophosphate extractable alumin-
ium concentration, [C] = soil carbon concentration, PA = mean 
annual precipitation. Relationships significant at p < 0.01 are 
shown in bold (with grey background) with those for which 
0.01 ≤ p ≲ 0.05 are shown in italics

fmeso 0.21

fmacro 0.17 0.70
[Feo] -0.13 0.11 0.18
[Alo] -0.11 -0.24 -0.16 0.23
[Fed] -0.16 0.24 0.25 0.32 -0.30
[Ald] -0.16 -0.28 -0.19 0.00 0.70 -0.33
[Fec] -0.17 0.21 0.19 -0.03 -0.52 0.64 -0.40
[Alc] -0.26 -0.17 -0.15 -0.28 0.19 -0.22 0.49 0.00
[C] 0.00 0.26 0.42 0.19 0.01 0.18 -0.02 0.07 -0.05
PA 0.50 0.18 0.06 -0.13 -0.19 -0.18 -0.23 -0.13 -0.22 0.03

fmicro fmeso fmacro [Feo] [Alo] [Fed] [Ald] [Fec] [Alc] [C]
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other studies reporting increased aggregate stabil-
ity with increasing precipitation amounts (Imeson 
and Vis, 1982; Lavee et al. 1991; Cerdà 2000; Sarah 
2005). This observation was presumably a result 
of high soil microbial activity. Precipitation has 
often been reported to increase soil microbial bio-
mass (Logah et  al. 2010, 2013; Huang et  al. 2015; 
Anokye et  al. 2021), which serves as binding agent 
in soil aggregate formation (Chotte, 2005). Apart 
from this, increased precipitation amount enhances 
microbial decomposition of fresh organic matter 
(Schaefer 1973; Lavee et  al. 1996) leading to pro-
duction of polysaccharides (Sarig and Steinberger 
1993), which enhance the formation of microaggre-
gates (Amezketa 1999; Totsche et  al., 2018). The 
effectiveness of the polysaccharides in the aggre-
gation process (Robert and Chenu 1992) has been 
attributed to their macromolecular structure, enabling 
them to be adsorbed on clay particles and also as glu-
ing agent, binding particles together (Chote 2005). 
Tisdall (1994) showed that microbial debris and 
bacteria fit in pores within microaggregates and 
contribute to stability through their extracelluar 
polysaccharides.

Soil microaggregates may initially form by the 
progressive bonding of primary particles of clay, soil 
organic matter and cations, with fungal and bacterial 
debris giving rise to extremely stable soil microag-
gregates (Bongiovanni and Lobartini 2006; Bouajila 
and Gallali 2008).

In some earlier studies (e.g. Utomo and Dexter 
1982; Denef et al. 2001; Nsabimana et al. 2020), the 
extent of soil aggregate stability has been associated 
with variation in soil moisture and soil drying-wetting 
cycles which impact on soil microbial biomass. As a 
result of shrinking and swelling arising from wet-dry 
cycles, soils with large proportions of macro-aggre-
gates develop more fissures along the plane of weak-
ness (Kay 1990), consequently resulting in break-
down of such aggregates into smaller aggregate-sized 
groups including microaggregates. The wetting–dry-
ing cycles are also known to influence soil strength 
and hydraulic stability, resulting in cracking and sta-
bility failure (Tang et al. 2016).

Drivers of meso and macro‑aggregate stability

Land-use type influenced stable soil mesoaggregates 
and macroaggregates across locations. This results 

corroborate previous works highlighting the effect 
of land use on soil agregate stability (Le Bissonnais 
and Arrouays 1997; Chenu et  al. 2000; Erktan et  al. 
2015). The observation is attributable to management 
benefits through differences in soil organic carbon 
content and vegetation, explaining to some extent the 
positive correlations observed between soil organic 
carbon content and stable soil aggregates (Table  2). 
Here, key impacts of vegetation on soil aggregation 
are advanced. First, vegetation cover moderates the 
impact of drying-wetting cycles (Cerdà 1998) with 
the tree litter protecting the soil from the splash effect 
of rains, preventing disruption of aggregates and the 
phenomena of sudden drying-wetting of the soil (Le 
Bissonnais et  al. 2018; Pawarda and Tol 2019). For 
example, Rhoades (1997) reported that improved 
micro-environmental conditions beneath savanna trees 
improved soil physical conditions. The influence of 
vegetation on soil aggregate stability also stems from 
carbon inputs from leaf litter decomposition and root 
exudation or rhizo-deposition resulting in binding 
effects. Though we did not measure the impact of root 
exudates in this study, it is important to note that they 
have potential key roles in driving the soil aggregation 
process as previously demonstrated (Amezketa, 1999; 
Baumert et al. 2018).

The soil organic carbon improves soil aggregate 
stability through key organo-mineral mechanisms. 
These include ligand exchange arising from inner 
sphere interaction between the carboxyl groups 
and cations of the mineral structure (Mikutta et  al. 
2011). The soil organic matter comprises hydro-
philic (e.g. carboxyl and C-O-alkyl groups) and 
hydrophobic structures of aliphatic and aromatic 
groups (Hanke and Dick 2017). The soil organic 
matter zonal model (Wershaw et  al. 1996; Kleber 
et  al. 2007) suggests that organo-mineral interac-
tions occur between the mineral surface and the 
organic hydrophilic groups, whilst the aliphatic and 
aromatic components enhance hydrophobic interac-
tion with other soil organic matter micelles (Hanke 
and Dick 2017). The mechanism of other organo-
mineral interactions such as cation bridges, cation 
and anion exchange and Van der Waals interactions 
may also enhance aggregation (Hanke et  al. 2015; 
Hanke and Dick 2017). Because mineral soil sur-
faces and organic materials are polyanions, they are 
bridgeable by polyvalent cations namely Ca, Mg, Fe 
and Al (Oades, 1984). These cations play a crucial 
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ecological role, serving as reversible crosslinking 
agents (Aquino et  al. 2010). Formation and disrup-
tion of such cation bridges may close or open sorp-
tion sites on soil organic matter (Aquino et al. 2010) 
with consequences for aggregate stability.

We found that macroaggregates and organic car-
bon are closely linked in the West African ecosystems 
(τ = 0.42, Table  2) and may act mutually in a loop 
cycle. Increasing soil stable aggregates may therefore 
sustain sequestration of organic carbon by offering 
physical protection via occlusion from decompos-
ing agents (Guan et al. 2019). Better water stable soil 
aggregates observed in the forest islands (Fig. 3) may 
impact sustainability of carbon storage and serve as 
a step to achieving the goal of better adaptation and 
mitigation to climate hazards in West Africa. The 
higher proportion of stable soil macroaggregates in 
forest islands and natural savanna than in the culti-
vated soils (Fig. 3c and 3f) indicated negative effects 
of cultivation on soil aggregation. Similar results have 
been reported by Cerdà (2000) who found higher soil 
aggregate stability in scrubland than in cropland in 
southern Bolivia. Duchicela et al. (2013) observed a 
decrease in soil aggregate stability in cropland after 
decline in vegetation cover due to intensive cultiva-
tion. In cropland, disaggregation of macroaggre-
gates due to tillage (Ouattara 2007; Six et al. 2000a) 
is known as key factor leading to less stable soil 
aggregates. This is by virtue of the fact that annual 
or seasonal ploughing leads to physical disruption of 
soil aggregates (Six et  al. 2004). Due to its adverse 
impacts including soil compaction, mechanical tillage 
increases runoff which overall, enhances susceptibil-
ity to soil aggregate breakdown (Kahlon et al. 2013). 
Moreover, ploughing in agricultural land causes 
loss of soil organic matter through increased miner-
alization with negative implications on soil aggregate 
stability.

Our results show strong positive relationship 
(τ = 0.70) between meso- and macroaggregates 
(Table  2), which seem to suggest soil aggregate 
hierarchy (Barthès et  al. 2008) under the land use 
systems of West Africa. This implies that mac-
roaggregates resulted mainly from bounding of 
mesoaggregate and in the event of disruption by 
disaggregating factors, macroaggregate could 
release mesoaggregates (Barthès et  al. 2008). 
We also observed a positive but lower strength 

of relationship between meso- and microaggre-
gates (τ = 0.21, Table  2) suggesting a likely hier-
archy between these two aggregate groups as well. 
Though aggregate hierarchy has not often been 
reported for low activity clay (LAC) soils typical 
of our study region, Feller et  al. (1996) reported 
the likelihood for an aggregate hierarchy on Ulti-
sol, Inceptisol and Oxisol. Conversely, Oades and 
Waters (1991) and Six et  al. (2000b) reported 
aggregate hierarchy on soils dominated by 2:1 
clay mineralogy. There were greater proportions 
or dominance of micro-aggregates than macro- and 
meso-aggregates in the land use systems (Fig.  3) 
depicting clearly the light-textured nature of the 
soils in the West African ecosystems (Appendix 
S1). On tropical soils, high proportion of soil sta-
ble macroaggregates has usually been observed 
on clayey LAC (Albrecht et  al. 1998; Six et  al. 
2000b) but less frequently for less stable coarse-
textured soils (Dalal and Bridge 1996; Spaccini 
et al. 2001).

Iron oxides mainly Fed significantly influenced 
(p = 0.05) meso and macroaggregates stability in 
order of 24 and 25%, respectively (Table 2). In an 
earlier study, Igwe et  al. (2013) reported the dith-
ionite or the crystalline iron (Fed) forms having a 
positive influence on the stability of soil aggregates. 
Positive effects of iron oxides content on soil sta-
bility have also been reported in other tropical soils 
(Ouattara 2008; Demenois et  al. 2017). The role 
of iron oxides or sequioxides in soil aggregation is 
ascribable to their 1) flocculation ability, 2) effect in 
binding of clay particles to organic molecules, and 
3) potential precipitation on clay surfaces as gels, 
with these mostly considered as modulating meso-
aggregation (Amézketa 1999, Barthès et  al. 2008). 
Besides, electrostatic interactions between clays 
and the oxides account for aggregation but due to 
their limited range of action, these mostly result in 
rather less stable macroaggregates to slaking (Six 
et  al. 2002). Though Barthès et  al. (2008) indi-
cated the importance of Al-containing crystalline 
sesquioxides in modulating macroaggregate stabil-
ity in some tropical soils, this observation has not 
been widely reported in literature. Our results rather 
emphasized, a strong dominance of iron oxides and 
showed negative correlation of aluminium oxides 
with aggregate stability (Table 2).
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Conclusions

We conclude that the primary stage of stable soil 
aggregate formation (i.e. microaggregates) in the 
west African ecosystems was climate (precipitation) 
driven whereas the more labile and larger-size groups 
(meso-and macro-aggregates) were land-use driven, 
the latter arising principally from protection of veg-
etation cover in the more dense forest islands and the 
natural savanna with relatively higher carbon inputs 
than adjacent croplands. We also found soil organic 
carbon content and iron oxides as key determinants 
of meso- and macro-aggregate stability in the region. 
The study provides first insights in soil quality pro-
cesses in a poorly studied but unique phenomenon of 
man-made forest islands in West Africa. It also has 
implication for land mangement as the forest islands 
could be useful in the prevention of soil erosion at the 
landscape scale, enhancement of soil biodiversity and 
in the provision of other ecoystem services.
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