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A B S T R A C T

Land use change on the Ferralsols of the Allada Plateau in southern Benin has led to a slight decline in soil
organic carbon (SOC) stocks over the last two decades. However, as in many African landscapes, detailed
characterisation and quantified data on the SOC stocks and soil biological activity under major land uses are still
poorly understood. The aim of this study was to characterise the biological activity and organic matter status of
Ferralsols (0–30 cm) under the five major land uses on the Allada Plateau, i.e., forests, tree plantations, young
and adult palm groves, and croplands (pineapple, maize). Soil biological activity was assessed using the
standardised litter decomposition method (Tea bag index) and soil respiration (during a 28-day soil incubation).
Soil organic matter status was characterised by quantifying SOC pools: soil microbial biomass carbon (MB-C),
potassium permanganate oxidisable carbon (POX-C), and SOC associated to soil particle-size fractions (e.g.
particulate organic matter, POM, and SOC associated to the clay soil fraction). The results indicated that SOC
pools and biological activity were lower in tree plantations than in forests. The standardised litter decomposition
was also slower in tree plantations than in forest. In croplands and palm groves, SOC pools and soil microbial
biomass and respiration were lower than in forests and tree plantations. This high level of biological activity in
forests, and at a lesser level in tree plantations, was effective in accumulating carbon in C pools associated to the
clay fraction. Agricultural land uses, such as croplands and palm groves decreased all the soil C pools even those
associated to the clay fraction, except for POX-C. However, these land-use effects on SOC pools decreased
strongly with depth. At 10–30 cm, the differences in SOC pools or soil respiration between the five land uses were
no more noticeable. Our results indicated that the amount of organic inputs was an essential factor to sustain
high soil biological activity and SOC stabilisation in the clay size fraction, but only in the topsoil. Maintaining
forests in the landscape is a priority in order to preserve SOC stocks and soil biological activity, which neither
monospecific tree plantations nor cultivation can do at the same level.

1. Introduction

To prevent global warming, recent data clearly show that greenhouse
gas emissions must be reduced, but carbon (C) storage strategies must
also be developed, particularly in terrestrial ecosystems (IPCC, 2019;
UNEP, 2020). Soils are the largest reservoir of C (2300 Gt C in the top 3
m) in terrestrial ecosystems, storing more C than vegetation (650 Gt C)
and the atmosphere (860 Gt C) (FAO, 2019; Lorenz and Lal, 2018). Soil
organic matter (SOM), which consists of 50–60 % carbon, supports

important ecosystem services, including food production, climate
regulation, water filtration, erosion control, nutrient cycling, and
providing an energy supply for soil organisms (Adhikari and Hartemink,
2016; Lorenz et al., 2019). As a result, carbon sequestration in agricul-
tural soils has been emphasised in recent years for agricultural mitiga-
tion and adaptation to climate change as well as for food security
(Chevallier et al., 2020; Lal, 2004; Minasny et al., 2017).

Land cover, land use, agricultural or forestry practices affect the SOM
dynamics, i.e., its decomposition and stability (Fujisaki et al., 2018;
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Wiesmeier et al., 2019). Land use changes have led to a significant
decrease in soil organic carbon (SOC) stocks, about − 135 Gt C globally
in the first metre of soil in 2017 (Lal, 2018). The SOC is more sensitive to
land use in the surface horizons (0–30 cm) than in deeper horizons
(Buchholz et al., 2014; Harrison et al., 2011). Therefore, a better un-
derstanding of the effects of land use and management on the C cycle,
especially in the topsoil, is necessary to maintain or even increase SOC
stocks (Błonska et al., 2020). However, as in many African landscapes,
detailed characterisation and quantified data on SOC stocks and soil
biological activity under major land uses have not yet been achieved.
The interplay of primary producers, decomposers and soil mineralogy to
explain the soil organic matter (SOM) stabilisation (Lehmann and
Kleber, 2015) in these environments was still not fully understood.
Regional soil information is needed to enrich international databases,
raise soil awareness among stakeholders (Razafimbelo et al., 2022), and
contribute to the calibration and validation of SOC evolution models at
different scales (Le Noë et al., 2023). It is especially important in African
areas close to large cities, where high demographic and land pressure is
leading to rapid land use changes.

Knowledge of the distribution of C pools is crucial for understanding
and modelling the C cycle between terrestrial ecosystems and the at-
mosphere (Dinakaran et al., 2018), as well as for monitoring the soil
ecological functioning. However, most of the studies explore the evo-
lution of land use with the evolution of global SOC stocks (e.g. Grinand
et al., 2017; Houssoukpèvi et al., 2023). This global approach does not
provide information on SOM decomposition, quality or stabilisation in
the long term (Bellamy et al., 2005). Indeed, SOM is a continuum from
plant and animal debris to organic matter produced by microbial ac-
tivities, which could be characterised by conceptual pools (labile, in-
termediate, and stable/resistant pools) with specific evolutionary
mechanisms and turnover rates (Lorenz et al., 2007; Six et al., 2002).
Various methods have been proposed in the scientific literature to esti-
mate SOM decomposition and quantify SOC pools. The tea bag index
(TBI) uses commercial tea bags as a standardised alternative to estimate
SOM decomposition, i.e. the capacity of soil microfauna and microor-
ganisms to transform SOM (Keuskamp et al., 2013). Several physical,
biological, and chemical methods are available to quantify SOC pools
(Malou et al., 2023): labile pools such as particulate organic matter
(POM), readily mineralisable SOC (amount of C-CO2 emitted by soil
respiration), potassium permanganate oxidisable C (POX-C) or more
stable pools such as SOC associated with minerals, e.g. associated to clay
size fraction. All these C pools, even the stable ones, can be affected by
land use and agricultural practices, especially in topsoil (Fonkeng et al.,
2024; Malou et al., 2023; Ramesh et al., 2019).

On the Allada plateau, close to Benin's economic capital, population
and land use dynamics are rapidly evolving (Brun et al., 2018; Tchibozo,
2020). Aboveground biomass C stocks were highly different between
land uses, with much higher stocks in forests than in tree plantations,
palm groves and croplands (Houssoukpèvi et al., 2022). The soils of the
plateau are mainly Ferrasols and are sandy. The difference in SOC stocks
between land uses was noticeable, but much lower than for the above-
ground C stocks and concentrated in the topsoil (Houssoukpèvi et al.,
2022). The study of SOC and soil biological activity of the major land
uses on the Allada plateau will allow us to assess and understand the
evolution of SOC pools on Ferralsols, a common soil type in the tropics
that covers 750 million hectares under natural vegetation or cultivation
(FAO and IIASA, 2023).

The aim of this study was to assess soil biological and organic status
of Ferralsols under major land uses of the Allada Plateau, i.e., forests,
tree plantations, young palm groves, adult palm groves and cropland
(pineapple, maize). The specific objective was to quantify biological
activity (litter decomposition and soil respiration) and several SOC pools
(microbial biomass, POX-C, POM and SOM associated to soil fractions:
20–50, 2–20 and 0–2 μm) of Ferralsols at two soil depths, 0–10 and
10–30 cm. We hypothesised that (i) land use drives soil biological ac-
tivity and SOM partitioning into SOC pools especially at 0–10 cm, and

that (ii) in cropland and palm groves, microbial biomass, decomposition
of standard litter, and amount of SOC associated to any soil size fractions
were much lower than in tree plantations and forests.

2. Materials and methods

2.1. Study design

This study was carried out in the Lama region, which comprises three
communes, Allada, Toffo, and Zè, on the Allada plateau (6◦20′ - 6◦50′ N
and 2◦00′-2◦30′E, 3 to 175 m a.s.l.) located in the Atlantic Department in
southern Benin. Of the seven communities on the plateau, these three
are the most diversified in terms of agricultural practices (Akoegninou
et al., 2006; Akouehou et al., 2013). Palm groves, teak plantations, and a
wide range of crops such as pineapples, maize, cassava, cowpeas,
groundnuts, and tomatoes (Akouehou et al., 2013) dominate the land-
scape of the Allada plateau. The study area is located in a savannah zone
with a tropical wet-dry climate (Aw) according to the Köppen-Geiger
climate classification scheme (Rubel and Kottek, 2010). The average
monthly temperature ranges from 25 to 29 ◦C, and the average annual
rainfall is 1100 mm (Assogbadjo et al., 2011). The study was carried out
on the same plots as in the sampling design in Houssoukpèvi et al.
(2022), where it is explained in detail. Briefly, the plots were selected on
ferrallitic soils corresponding to Ferralsols in the World Soil Resources
Database (IUSS, 2015). These soils are dominant on the Allada Plateau
and cover an area of 106,221 ha, representing 70 % of the surface area
(Volkoff, 1976). The five main types of land use on these Ferralsols are
forests, tree plantations, adult palm groves, young palm groves inter-
cropped with maize or pineapple, and maize or pineapple cultivation
(Houssoukpèvi et al., 2022). Two categories of forest were considered
together in the present study: (i) sacred forests, which are typically small
forest areas protected by the local community, and (ii) classified forests,
which are remnants of natural forests under the protection of a public
structure. Teak (Tectona grandis L.f.) dominates the land use category of
tree plantations, which are usually grown without mineral fertilisation.
Both state plantations managed by a public structure and private
smallholder plantations were considered. The study area is known for its
high number of oil palm trees (Elaeis guineensis Jacq), mainly managed
by smallholders. During the first six years of the plantation, annual crops
are grown in the gaps between the young palm trees, making the young
palm groves a temporary agroforestry system. The selected young palm
groves were associated with maize or pineapple and are nearing the end
of their immature phase (ca 5 years). The two selected monospecific
adult palm groves (10–12 years old) have supported maize and pine-
apple at tree immature stage. For annual crops, farmers clear the land
before each cropping season, often using slash-and-burn techniques.
Hoes are used for manual tillage to a maximum depth of 20 cm. For food
crops, such as maize, mineral fertilisation is generally low (max. 46 kg N
ha− 1 applied annually as urea). However, for cash crops, such as pine-
apple, the mineral fertilisation can be significant in the form of urea and
NPK fertilisers (14–23-14): approximately 480 kg N ha− 1, 70 kg P ha− 1,
and 93 kg K ha− 1 in three or four applications over the crop cycle. Some
producers return crop residues to the soil after harvest, especially for
pineapple. In young palm groves intercropped with maize or pineapple,
the oil palms were also fertilised during the immature stage (about 25
kg N ha− 1 and 30 kg K ha− 1 when intercropped with pineapple and 50
kg N ha− 1 and 60 kg K ha− 1 in total when intercropped with maize)
(Koussihouèdé et al., 2020).

The soils contained about 75 % of sand at 0–30 cm. The pH were
comprised between 4.6 and 6.5 (soil:water ratio of 1:2). Soil N and SOC
levels (determined after dry combustion and CHN analysis) ranged from
0.4 to 1.8 g N kg− 1 soil for N and from 4.3 to 18.2 g C kg− 1 soil for SOC,
respectively. The C:N ratio ranged from 11 to 13 at 0–10 cm and to 9 to
12 at 10–30 cm. Plant-available phosphorus (P-Bray; Frank et al., 1998)
ranged from 2.8 to 8.4 mg kg− 1 soil, with high values observed in palm
groves and cropland due to soil fertilisation (Houssoukpèvi et al., 2022).
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Two sites per land use were selected, for a total of 10 plots (Table 1)
separated by 5–10 km of each others. Inside each plots of 0.5 to 75.5 ha,
depending of the land use, soil samples were collected with an auger
between August and September 2019 at depths of 0–10 cm and 10–30
cm. Sampling was performed in 1 m2 quadrats randomly established in
each plot. In order to take into account the heterogeneity of each plots,
the number of quadrats (from 12 in croplands to 35 in Niaouli Forest)
depended on the size of the plot (Houssoukpèvi et al., 2022). The indi-
vidual sampling in quadrats were gathered to form 4 independent
composites per plot and per depth. All soil analyses were therefore
replicated 8 times (2 plots × 4 independent composites) per land use for
a given soil depth. Thus, 80 soil samples (10 plots × 2 depths × 4
composites) were air dried and sieved to 2 mm prior to analysis.

2.2. Decomposition of organic matter by the tea bag index (TBI) approach

The TBI approach is a field-standardised approach to assess the
decomposition process by measuring the decomposition rate constant k
and the stabilisation factor S of standardised litter during an in situ in-
cubation period of 90 days (Keuskamp et al., 2013). Two standardised
materials were used: commercial green tea (considered labile litter;
European Article Numbering [EAN] 8,722,700 05552 5) and rooibos tea
(considered recalcitrant litter: EAN 8722700 18,843 8) (Lipton, West-
ervoort, The Netherlands). Eight bags of each tea type were buried at
each of the 10 sites (i.e., a total of 160 tea bags), as recommended by
Keuskamp et al. (2013); for 90 days, during the short rainy season, the
soil depth was 8 cm, with a 2-m gap between two holes. At the end of the
incubation period, the tea bags were carefully removed and transported
to the laboratory. Tea bags that had been punctured or damaged by
invertebrates were removed (25 green and 15 roiboos tea bags in the
present study, leaving 120 retained tea bags for analysis). After
removing the adhering soil with a brush, the tea bags were dried in an
oven at 60 ◦C for at least 48 h until a constant weight was obtained. The
masses of the staple and label of each tea bag were subtracted to obtain
the masses of the materials remaining in the dried tea bags. The resulting
loss in weight represents the rate of decomposition. The decomposition
rate constant k quantifies the mass loss due to early-stage, i.e. short-
term, decomposition of the litter. High values of k indicate rapid
decomposition of the labile organic compounds in the litter. The S factor
measures the amount of hydrolysable compounds in the litter that
become recalcitrant. High S values indicate high C storage potential. The
k rate constant and S factor were calculated at each site following
Keuskamp et al. (2013). Briefly, the stabilisation factor S was calculated
based on the decomposable fraction ag (Eq. (1)) and the hydrolysable
fraction Hg (=0.842 g g− 1 according to Keuskamp et al., 2013) of the
green tea after 90 days of incubation in the soil (Eq. (2)):

ag = 1 − Final weight Green Tea
/

Initial Weight Green Tea (1)

S = 1 − ag
/

Hg (2)

The decomposition rate constant k was calculated from the mass loss
of the rooibos tea (W) after the incubation period t (90 days), following a
double negative exponential regression which describes the degradation
of the decomposable fraction ar at the beginning, then progressively
slower, with the recalcitrant fraction (1-ar) remaining with time (Eq.
(3)):

W(t) = are− kt +(1 − ar) (3)

The decomposable fraction of rooibos tea (ar) was determined by its
hydrolysable fraction Hr (=0.552 g g− 1 according to Keuskamp et al.,
2013) and the stabilisation factor S (Eq. (4)):

ar = Hr ×(1 − S) (4)

2.3. Microbial biomass and activity

Soil respiration was assessed by incubating the samples in the labo-
ratory under controlled conditions at 28 ◦C and a soil water potential
(− 0.03 MPa) corresponding to 80 % of the soil's water holding capacity
(i.e. a soil water content of ca.10 % for such sandy soils). These samples
were incubated for 28-days as this period has been shown to be appro-
priate for tropical sandy soils with low soil OM content (Malou et al.,
2023). The CO2 emissions were trapped as sodium carbonate (Na2CO3)
in an alkaline solution (NaOH, 1 N). On days 3, 7, 14, 21 and 28, Na2CO3
was precipitated as barium carbonate (BaCO3) by the addition of barium
chloride (BaCl2) (Gorissen, 1996). The excess sodium hydroxide was
titrated with normal hydrochloric acid (HCl, 1 N) to pH 8.6 using a
Titrino plus 848 titrator. Soil respiration was represented in this study
only by the cumulative CO2 emitted during the 28-day incubation,
expressed as C-CO2 in mg C-CO2 kg− 1 soil.

Soil microbial biomass was measured after the soil incubation on the
same soil samples. After 28 days of incubation, soil microbial biomass
(MB) was determined using the chloroform fumigation extraction
method. Microbial biomass C (MB-C) was calculated as the difference
between the organic C extracted with a K2SO4 solution (0.025 mol/L)
applied to chloroform-fumigated and non-fumigated soils (Ross, 1990;
Vance et al., 1987a). The amount of C extracted in K2SO4 was deter-
mined using a total dissolved organic carbon analyser (TOC-VCSH Shi-
madzu, Kyoto, Japan). MB-C is proportional to microbial C (Brookes,
2001). A typical extraction efficiency of 0.45 was applied to account for
non-extractable biomass and to convert microbial C to MB-C (mg CMB
kg− 1 soil) (Vance et al., 1987b; Wu and Brookes, 2005).

Three indicators based on the MB-C concentration and soil respira-
tion (after the 28-d incubation) were further determined to assess mi-
crobial activity and SOC bioavailability, i.e. a readily mineralisable SOC
pool. The microbial metabolic quotient (qCO2), which is the microbial
respiration per unit of biomass per unit of time, was calculated on the
cumulative CO2 emissions and microbial biomass after 28 days and is
expressed in μg C-CO2 mg− 1 MB-C. Increased or decreased qCO2 is
associated with shifts in microbial metabolism (Anderson and Domsch,
2010). The microbial quotient (qmic) is the ratio of MB-C to SOC (Santos

Table 1
Information on the 10 studied sites.

Land use Description Site Area (ha) Municipality Land use age (years) Practices age (years)

Forests Classified forests, sacred forests
Classified forest of Niaouli 75.5 Allada >50 –
Sacred forest of Damè 11 Toffo >50 –

Tree plantations Monospecific teak plantations.
State teak plantation 24 Zè 65 21
Private teak plantation 0.5 Toffo – 10

Adult palm groves§ Oil palm groves (>10 years) Maize 1 Allada – 10
Pineapple 3 Zè – 12

Young palm groves§§ Immature palm trees associated with a crop Maize 0.5 Toffo – <5
Pineapple 1 Zè – <5

Croplands Annual or biennial crops
Maize 0.8 Zè – 4
Pineapple 1.5 Toffo – 5

§ Adult palm trees were associated with Maize or Pineapple at their young stage,
§§ Young palm trees are currently associated with Maize or Pineapple.
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et al., 2012; Sparling, 1992). The qmic indicates the amount of SOC as
microbial biomass and thus reflects the bioavailability of SOC. In addi-
tion, the bioavailability of SOC has also been assessed by the relative C
mineralisation rate, expressed as the ratio between the C-CO2 produced
and the SOC content in g C-CO2 100 g− 1 SOC (Chevallier et al., 2010;
Wang et al., 2003).

2.4. Permanganate-oxidisable carbon (POX-C)

A 2.5 g sample of dried soil sieved to 2 mm was added to 20 mL of
potassium permanganate solution (KMnO4 0.02 mol/L), shaken for
exactly 2 min at 240 oscillations min− 1 according to the protocol
described by Weil et al. (2003), and allowed to decant for 10 min. The
supernatant (0.5 mL) was diluted with deionised water (49.5 mL), and
the absorbance was measured at 565 nm using a spectrometer (Spec-
troVis Plus Go Direct, GDX SVIS+). The concentration of POX-C was
calculated using Eq. (5):

POXC =
[
0.02 mol L− 1 − (a+ b Abs)

]
×
(
9000 mg C mol− 1)

×

(
0.02 Lsolution

Wt

)

(5)

where 0.02 mol/L is the initial concentration of the KMnO4 solution, a is
the intercept of the calibration curve, b is the slope of the calibration
curve, Abs is the absorbance of the unknown soil sample, 9000 mg is the
amount of C oxidised by 1 mol of MnO4 with reduction of Mn7+ to Mn4+,
0.02 Lsolution is the volume of the KMnO solution4, i.e., 20 mL reacted
with the soil, and Wt is the amount of soil used in the reaction (kg).

2.5. Particle size fractionation of SOM

The analysis was performed according to the methods described by
Gavinelli et al. (1995) and Balesdent et al. (1998). Soil samples (20 g)
were first soaked overnight at 4 ◦C in 300 mL of deionised water sup-
plemented with 10 mL of sodium hexametaphosphate (50 g/L). The
suspensions were then shaken with 5-mm diameter agate beads using a
rotary shaker at 43 rpm for 6 h. Successive sieving in water separated the
soil fractions into the following size classes: > 200 μm and 50–200 μm.
The solution containing particles <50 μm was subjected to ultrasonic
waves for 10 min to disperse soil aggregates smaller than 50 μm using a
probe-type ultrasonic device (Fisher Bioblock Scientific, Illkirch,
France) with a power of 600 W at a frequency of 20 kHz and a on/off
intervals of 0.7/0.3. The 20–50 μm fraction was recovered by sieving the
sonicated suspension. The 2–20 μm and 0–2 μm fractions were separated
by sedimentation. All the fractions were then dried in an oven at 40 ◦C,
weighed (except for the 2–20 μm fraction estimated by subtraction),
ground (< 200 μm) and analysed with an elemental analyser (Thermo
flash 2000 CN analyser, Milan, Italy). In our study, fractions >200 μm
and 50–200 μm were grouped together after analysis. The particulate
organic matter (POM), i.e. the light and organic fractions >50 μm, was
separated from the mineral particles >50 μm by flotation in water
(Gavinelli et al., 1995). The C content of the mineral fraction >50 μm
was analysed (average 0.37 ± 0.03 mg C g− 1 fraction) to determine
whether it containedmostly minerals and very little carbon. The fraction
<50 μm has recently been referred to in the scientific literature as the
MaOM fraction (e.g., Cotrufo et al., 2013). Because different particle
sizes were separated in our study, we preferred to refer to these mineral-
associated OM fractions as the F0–2, F2–20 μm and F20–50 μm fractions
based on their size.

2.6. Statistical analysis

For the tea bag index (TBI) approach, a general linear mixed model,
with land use and tea type as fixed factors and replication as a random
factor, was used to test for differences between the remaining tea masses
after incubation. The general linear mixed effects model was also used to

test the difference between land use types as a function of soil depth
(0–10 vs. 10–30 cm) for the other parameters studied. The normality of
the residuals was tested using the Shapiro-Wilk test and the Breusch-
Pagan test to check the homogeneity of the residual variance. Post hoc
comparison tests of means were performed for the independent factor
(land use) using the Tukey HSD test at the 0.05 probability level.
Pearson correlation coefficients between SOC pools were also calcu-
lated. Seven SOC pools were considered: microbial biomass pool (MB-C),
readily mineralisable SOM (C-CO2, the cumulative CO2 from soil respi-
ration in 28 days), permanganate oxidisable carbon (POX-C) and the 4
organic particle size fractions (POM, F20–50 μm, F2–20 μm and 0–2
μm). All analyses were performed using R software version 3.6.3 (R
Development Core, 2020).

3. Results

3.1. Soil biological activity

3.1.1. Standardised tea bag litter decomposition indicators
Irrespective to the land use, the remaining tea mass after 90 days of

incubation in the field was greater for rooibos tea (on average, 64.4 ±

8.2 %) than for green tea (32.4 ± 9.1 %) (Fig. 1). The remaining rooibos
tea masses were similar between the different land use types (Fig. 1).
The results of the general linear mixed model were presented in the
Appendix A. The remaining green tea mass was affected by land use (p <

0.05), significantly lower in forests and tree plantations than in crop-
lands (Fig. 1).

The variability in the decomposition rate constants k and stabilisa-
tion factors S measured within the same land use was high (Fig. 2).
However, general linear mixed model revealed a significant variation in
the decomposition rate constant k between the different land use types
(p < 0.05). The highest value was found in forest soils (Fig. 2). Sur-
prisingly, the decomposition rate constant k was significantly higher in
cropland than in tree plantations or palm groves. In contrast, the sta-
bilisation factor S did not differ significantly between land use types (p
> 0.05) (Fig. 2).

3.1.2. Soil respiration
The results of the general linear mixed model are presented in the

Appendices A and B. The CO2 released by the soil microbial respiration
over 28 days under controlled conditions varied significantly (p < 0.05)
according to the land use at a depth of 0–10 cm (Fig. 3). In contrast, at a
depth of 10–30 cm, land use did not significantly (p > 0.05) influence
the cumulative CO2 emissions from the soil (Fig. 3). At a depth of 0–10
cm, the cumulative CO2 emissions from forest soils (1700 ± 319 mg C
kg− 1 soil) and tree plantations (1611 ± 91 mg C kg− 1 soil) were
significantly higher than those from other land uses. Cumulative CO2
emissions from cropland (1226 ± 36 mg C kg− 1 soil) were not signifi-
cantly different from those from adult palm groves (1306 ± 131 mg C
kg− 1 soil) (Fig. 3).

Soil respiration accounted for a greater proportion of total SOC (C-
CO2:SOC ratio) at the 10–30 cm soil depth than at the soil surface,
regardless of the land use type (Table 2). At 0–10 cm, the C-CO2:SOC
ratio was significantly affected by land use (p< 0.05), with lower values
in the forest than in the other land use types (Table 2). The C-CO2:SOC
ratios were similar under tree plantations, palm groves - either adult or
young - and cropland. At 10–30 cm, the C-CO2:SOC ratio was still lower
in the forest treatment than in the other land use types, but no significant
difference was found between the forest and adult palm groves
(Table 2).

3.1.3. Soil microbial biomass and related ratios
Land use had a significant effect on microbial indicators, except for

qmic at 10–30 cm depth (Table 2).
Microbial biomass carbon concentration (MB-C) was significantly

affected by depth (p < 0.05), with significantly higher values at the soil
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surface (0–10 cm) than at 10–30 cm depth. In the 0–10 cm soil layer,
MB-C under forest was about 2 times higher than under tree plantations,
4 times higher than under palm groves, and 6 times higher than under
cropland (Table 2). The MB-C under adult palm groves, young palm
groves and cropland did not differ significantly. At the 10–30 cm depth,
the MB-C was also significantly higher in forest than in adult palm
groves, young palm groves, and cropland, but not significantly different

(p > 0.05) between forest and tree plantations.
Microbial biomass C represents 0.5 to 1.1 % of the total SOC. This

microbial quotient (qmic) was not significantly different between the two
depths studied (Table 2). However, significant differences between land
use types were observed in the 0–10 cm soil layer. At 0–10 cm, the
proportion of microbial biomass to total SOC was significantly higher in
forests or tree plantations than in palm groves or cropland (0.9–1.1 vs.
0.5–0.7 mg MB-C 100 mg− 1 SOC).

The metabolic quotient (qCO2) was sensitive to soil depth and land
use. It was significantly greater at 10–30 cm depth than in the topsoil for
a given land use. In contrast to qmic, qCO2 was greater in the croplands
(Table 2). In the 0–10 cm soil layer, qCO2 increased from forest to
cropland, from 11.9± 3.7 to 39.9± 6.8 μg C-CO2 mg− 1 MB-C. The qCO2
was almost 2 to 3 times higher under palm groves and cropland, with no
difference between these two land use types, than under forest. The
qCO2 was not significantly different between the palm groves and the
tree plantations. At 10–30 cm, the differences in qCO2 between land uses
remained significant and were marked between forests and other land
uses (Table 2).

3.2. Soil organic carbon pools

3.2.1. Soil organic carbon contents
For all depths the SOC content ranged from 4.0 to 18.2 g C kg− 1 soil

(Table 3). At all depths, SOC contents varied significantly according to
the land use (Table 3). At a depth of 0–10 cm, the SOC content was
significantly higher in forests than in the other land use types. Cropland
was the land use type with the lowest SOC content (Table 3). The SOC
content of croplands was 2.5 times lower than that of forests and 1.5
times lower than that of tree plantations (Table 3). SOC contents
decreased with depth. At a depth of 10–30 cm, there were no significant
differences between forests, tree plantations, adult palm groves, and
croplands.

Fig. 1. Remaining mass (% of initial mass) of green tea and rooibos tea materials 90 days after burying bags in Ferralsols, according to land use.
The lines inside the boxes indicate the median and the diamonds inside the boxes indicate the mean (n = 8); the boxes define the 25th and 75th percentiles; and the
whiskers define the highest and lowest values excluding outliers. Circles represent outliers. Different letters indicate a significant difference (p < 0.05) between land
use types for the green tea treatment (** p < 0.01). The roiboos tea has undergone no significant effect (ns; p > 0.05).

Fig. 2. Decomposition rate constant k and stabilisation factor S based on roo-
bois tea and green tea respectively, according to land use (n = 8; means ± SD).
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3.2.2. Permanganate-oxidisable carbon (POX-C)
The amount of POX-C varied significantly with land use, independent

of the soil depth (Table 3).
Overall, POX-C was slightly higher at the surface than at depth (0.4

to 1.2 vs. 0.2 to 1.0 g C kg− 1 soil, respectively). The differences in POX-C
between the different land uses were small regardless of depth. For both
soil depths, POX-C was significantly lower (p < 0.05) in soils under tree
plantations than under other land uses, and POX-C under forest was
lower than POX-C under palm groves and cropland, without being
significantly different from the POX-C measured under cropland at 0–10
cm (Table 3).

The POX-C:SOC ratio was significantly higher at depth than at the
surface, except in soils under tree plantations (Table 3). This indicator
was sensitive to land use at both depths studied. For both depths, this
ratio was significantly greater in soils under palm groves (adult or
young) or cropland than in soils under forests and tree plantations

(Table 3), with 12–16 vs. 4–5 g POX-C 100 g− 1 SOC at 0–10 cm and
23–26 vs. 4–11 g POX-C 100 g− 1 SOC at 10–30 cm.

3.2.3. Organic carbon distribution in the soil particle size fractions
The average mass recovery after soil fractionation was 99 % at both

depths, and the average carbon yield was upper to 87 % at 0–10 cm and
upper to 83 % at 10–30 cm (Appendix C). Land use had a significant
effect on the C content of the soil fractions (g C kg− 1 soil) regardless of
the soil depth (Fig. 4).

At the 0–10 cm depth, the C content of all the SOM fractions was
significantly higher in the forests than in the other land use types
(Fig. 4). For example, the C content of the POM fractions in soils under
forests (8.4± 2.9 g C kg− 1 soil) was significantly higher than that in soils
under tree plantations, adult palm groves, young palm groves, and
cropland (2.6–3.7 g C kg− 1 soil) (Fig. 4). The C contents of POM, F
20–50 μm, and F 2–20 μm were not significantly different in the soils

Fig. 3. Cumulative CO2 emissions over a 28-days incubation of soil layers collected at 0–10 cm and 10–30 cm deep according to land use.
Lines within boxes indicate median and diamonds within boxes indicate mean (n = 8); boxes define 25th and 75th percentiles; whiskers define highest and lowest
values excluding outliers and circles represent outliers. Different letters indicate a significant difference (p < 0.05) between land use types for a given soil depth.

Table 2
Soil microbial indicators (mean ± standard deviation; n = 8 per soil layer) as depicted per land use and soildepths.

Microbial indices Forests Tree plantations Adult palm groves Young palm groves Croplands

MB-C (mg CMB Kg¡1 soil)
0–10 cm 232.4 ± 50.9 Aa 107.4 ± 13.5 Ab 57.7 ± 8.6 Ac 59.7 ± 6.0 Ac 35.8 ± 4.6 Ac
10–30 cm 55.8 ± 9.9 Ba 38.5 ± 8.8 Bab 28.1 ± 4.9 Bb 24.2 ± 4.3 Bb 25.6 ± 4.3 Bb

qmic (mg MB-C 100 mg¡1 SOC)
0–10 cm 1.1 ± 0.2 Aa 0.9 ± 0.1 Aab 0.6 ± 0.1 Ac 0.7 ± 0.0 Abc 0.5 ± 0.1 Ac
10–30 cm 0.8 ± 0.1 Aa 0.8 ± 0.2 Aa 0.6 ± 0.1 Aa 0.6 ± 0.1 Aa 0.5 ± 0.1 Aa

qCO2 (μg C-CO2 mg¡1 MB-C)
0–10 cm 11.9 ± 3.7 Bc 16.3 ± 1.6 Bbc 26.8 ± 4.8 Bab 25.5 ± 2.7 Bb 39.9 ± 6.8 Ba
10–30 cm 29.8 ± 6.9 Ab 52.4 ± 11.9 Aa 55.4 ± 8.7 Aa 60.9 ± 7.4 Aa 68.2 ± 15.4Aa

C-CO2:SOC ratio (g C-CO2 100 g¡1 SOC)
0–10 cm 9.1 ± 1.1 Bb 15.0 ± 1.4 Ba 13.7 ± 1.1 Ba 17.2 ± 1.4 Ba 17.6 ± 1.5 Ba
10–30 cm 20.8 ± 2.0 Ab 33.9 ± 4.2 Aa 28.3 ± 1.9 Aab 32.9 ± 2.2 Aa 29.9 ± 4.7 Aa

MB-C: Microbial biomass carbon; qmic: microbial quotient; qCO2: metabolic quotient; C-CO2:SOC ratio: relative mineralisation rate. Means with different capital letters
indicate a significant difference (p < 0.05) between soil depths for a given land use. Means with different lowercase letters indicate a significant difference between
land use types for a given soil depth (p < 0.05).
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Table 3
Soil organic carbon and the POX-C pools in the different land uses (mean± standard deviation; n= 8 per soil layer).

Soil properties Forests Tree plantations Adult palm groves Young palm groves Croplands

SOC (g C kg¡1 soil)
0–10 cm 18.2± 2.3 Aa 11.4± 1.0 Ab 10.0± 1.0 Ab 8.6± 0.7 Ab 7.2± 0.5 Ac
10–30 cm 6.4± 0.7 Ba 4.3± 0.5 Bab 4.6± 0.3 Bab 4.0± 0.4 Bb 5.2± 0.8 Bab

POX-C (g POX-C kg¡1 soil)
0–10 cm 0.9± 0.11 Ab 0.4± 0.06 Ac 1.2± 0.03 Aa 1.2± 0.02 Aa 1.1± 0.09 Aab
10–30 cm 0.6± 0.18 Ab 0.2± 0.02 Bc 1.0± 0.01 Ba 1.0± 0.02 Ba 1.0± 0.03 Aa

POX-C : SOC (g POX-C 100 g¡1 SOC)
0–10 cm 5.1± 0.9 Bb 3.8± 0.4 Ab 12.4± 1.1 Ba 14.6± 1.0 Ba 15.6± 1.9 Ba
10–30 cm 11.5± 3.9 Ab 4.4± 0.6 Ab 23.0± 1.4 Aa 26.1± 1.8 Aa 22.8± 3.2 Aa

Means with different capital letters indicate a significant difference (p< 0.05) between soil depths for the same land use. Means with different lowercase letters
indicate a significant difference between land use types for the same soil depth (p< 0.05).

Fig. 4. SOC associated with each soil fraction as a function of land use at 0–10 cm and at 10–30 cm depth.
Lines within boxes indicate the median and diamonds within boxes indicate the mean (n = 8); boxes define the 25th and 75th percentile; whiskers define highest and
lowest values excluding outliers and circles represent outliers. Different letters indicate a significant difference (p < 0.05) between land use types for a given soil
depth and fraction. POM: Particulate Organic Matter >50 μm, F = organo-mineral fractions with 0–2, 2–20, and 20–50 as the corresponding particle size (μm).

Fig. 5. Distribution of SOC content between soil particle-size fractions according to land use.
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under tree plantations, adult palm groves, young palm groves, or crop-
land (Fig. 4). For the finest fraction (F 0–2 μm), there were three groups
with significantly different values, which gradually decreased from
forests (4.5 ± 2.3 g C kg− 1 soil), plantations, tree or palm grove plan-
tations (3.1 to 1.9 g C kg− 1 soil), and cropland (1.7 ± 0.7 g C kg− 1 soil)
(Fig. 4).

At the 10–30 cm depth, the C content of POM did not vary signifi-
cantly (p > 0.05) according to the land use (Fig. 4). In the F 2–20 and F
20–50 μm fractions, the differences in C content between land uses were
very small. However, the C content of the fine fraction (F 0–2 μm) varied
significantly (p < 0.05), with higher contents occurring in forests (2.9 ±

1.1 g C kg− 1 soil) than in adult palm groves, young palm groves, or
cropland (i.e., 1.5–1.6 g C kg− 1 soil) (Fig. 4). The C contents of the fine
fraction under forests and under tree plantations were not significantly
different due to the large heterogeneity in the results for the forests.

The distribution of SOC between the particle size fractions varied
with depth. POM represented on average 40 % of the total SOC at 0–10
cm on average, whereas it represented for 29 % of the total SOC at
10–30 cm, irrespective of the land use (Fig. 5, Appendix D). The fine
fractions F0–2 μm or F0–20 μm (i.e., F0–2 + F2–20 μm) represented
respectively 25 % and 50% of the total SOC at 0–10 cm and 40% and 60
% at 10–30 cm (Fig. 5, Appendix D). The F 20–50 μm fraction repre-
sented very little C, about 10 % of the total SOC at both soil depths.

3.2.4. Relationships between the different soil C pools
At 0–10 cm, Pearson correlation coefficients between the different

SOC pools showed strong positive relationships between readily min-
eralisable C (C-CO2), MB-C, and SOC associated to POM, F 20–50 μmand
F 0–2 μm (R > 0.5 and p < 0.05) (Table 4). POX-C was negatively
correlated with C-CO2 and the amount of SOC associated with the F0–2,
F2–20, and F20–50 particle size fractions. At the 10–30 cm depth, in
contrast to the soil surface, there was no relationship between C-CO2 and
the other C pools (Table 4). However, at the surface and at 10–30 cm,
there was a strong positive correlation between the MB-C and C asso-
ciated with POM and with the F0–2 fraction. At 10–30 cm, POX-C was
not correlated with most other C pools, except weakly and negatively for
MB-C and F 0–2 (p < 0.05; Table 4).

4. Discussion

4.1. Land use affects soil biological activity

4.1.1. Standard litter decomposition highly variable but slightly higher in
forests

The difference in the residual litter mass between green tea and
roiboos showed that the soil microbial colonisation of tea litter was
likely substrate-selective, with no significant effect on the more recal-
citrant litter. The constant k reflects the rate at which the labile fraction
of the litter decomposes and serves as an indicator of early decomposi-
tion (Fanin et al., 2020; Keuskamp et al., 2013). The lower the remaining
mass of green tea, the greater the litter decomposition (k-value), with
greater soil respiration and microbial biomass in forests than in other
land uses (Figs. 1, 2, 3; Table 2).These results show that soil biological

activity and labile organic residue dynamics were strongly influenced by
land use, particularly in the topsoil (Fig. 3). These results are consistent
with the literature describing the high activity of soil organisms in for-
ests (Duddigan et al., 2020; Kagezi et al., 2016) and the larger k-
decomposition constant in undisturbed forests than in disturbed systems
(Attignon et al., 2004; Becker and Kuzyakov, 2018). Compared to that in
tree plantations, the faster OM decomposition in forests may be a
consequence of the vegetation structure of forests with a high diversity
of tree and plant species, which probably leads to a more diversified
litter quality (Hättenschwiler et al., 2005; Sauvadet et al., 2021) and a
more efficient food web than in a monospecific tree plantation with only
teak (Sauvadet et al., 2019). This activity, combined with an increase in
soil microbial biomass (Table 2) and possibly in the diversity of soil
microbial populations (Hansen, 2000; Nilsson and Wardle, 2005; Tresch
et al., 2019) should promote litter decomposition (Daebeler et al.,
2022). The lower k-constant of standardised litter in agricultural soils
and plantations is probably a consequent of reduced plant diversity,
mineral fertilisation practices, and low organic inputs to soils
(Houssoukpèvi et al., 2022), which has led to a reduction in microbial
biomass (Table 2) and probably in microbial diversity (Kagezi et al.,
2016; Zang et al., 2016).

In the tree plantation and in the palm grove plantation, the
remaining mass of green tea was similar, but the k decomposition rate
was lower than that in the forest soil. Surprisingly, the k value was lower
in monospecific plantations (teak or palm grove) than in cropland, while
cropland had the lowest values of the stabilisation factor S. S reflects the
proportion of the undecomposed, hydrolysable labile fraction remaining
after field incubation and thus reflects long-term carbon stability
(Keuskamp et al., 2013). This result seems to show that plant diversity in
space, as in forests, or to a lesser extent in time through rotation, as in
cropland, improves the k-decomposition rate constant of a standardised
labile litter, i.e., “how fast” the labile litter fraction is decomposed in-
dependent of the soil microbial biomass in soil (Barel et al., 2019; Fanin
et al., 2020). Furthermore, the slight decrease in S, which reflects “how
much” of the labile litter fraction is stabilised, was observed in cropland
compared to forests and plantations and may reflect the high turnover of
organic inputs in tropical sandy agricultural soils (Malou et al., 2023).
Contrary to the literature (Becker and Kuzyakov, 2018; Duddigan et al.,
2020; Saint-Laurent and Arsenault-Boucher, 2020), our study did not
show a greater sensitivity of the stabilisation factor S compared to the k-
decomposition rate constant to changes in edaphic conditions in
response to agricultural practices. Our highly variable results need to be
confirmed by a complementary tea bag decomposition experiment,
extending the time periods to account for possible seasonal effects
(Daebeler et al., 2022) and by studying decomposer communities asso-
ciated with different land uses.

4.1.2. Both microbial biomass and activity higher in forests
The high microbial biomass and soil respiratory CO2 emissions under

forests and tree plantations compared to cropland are in line with the
literature. Microbial biomass and soil respiration are strongly influenced
by the soil-climate conditions created by land use (Wang et al., 2013)
and by the availability of organic resources (Colman and Schimel, 2013;
Sowerby et al., 2000), which could also be exudates and root debris from
trees (Dennis et al., 2010). Mineralisation of organic matter is usually
high in forests and plantations, where litter is much more available than
in other land uses (Houssoukpèvi et al., 2022) and is frequently
renewed, creating favourable physicochemical and resource conditions
for the activity of heterotrophic microorganisms (Bertolino et al., 2010;
Gu and Riley, 2010; Yiqi and Zhou, 2010). In a previous study, we
noticed that the soil C:N ratios were rather similar in the five land uses
with differences less than 1.5 units with slightly higher C/N ratios (≈13)
under forest and tree plantations than in croplands and palm groves
(≈11) (Houssoukpèvi et al., 2022). These differences were not signifi-
cantly different except in adult palm groves (data not shown) and could
hardly explain the difference of soil biological activity observed.

Table 4
Pearson correlation coefficient between the different SOC pools.

C-CO2 MB-C POX-C POM F 20-50 F 2-20 F0-2
C-CO2 0.08 -0.11 . -0.06 0.25 0.1 0.09 

10-30 cm

MB-C

0-
mc

01

0.55** -0.33* 0.53** 0.4* 0.23 0.72**
POX-C -0.35* -0.38* 0.28 0.14 0.24 -0.50**
POM 0.55** 0.80** -0.14 0.42* 0.45* 0.14 
F 20-50 0.59** 0.53** -0.30* 0.66** 0.47* 0.38*
F 2-20 0.44* 0.78** -0.32* 0.78** 0.63** 0.21 
F 0-2 0.50** 0.86** -0.34* 0.86** 0.53** 0.80**

MB-C: Microbial biomass carbon; POX-C permanganate oxidisable carbon;
POM = organic fraction >50 μm, F = organo-mineral fraction. 0–2, 2–20 and
20–50 represent particle size (μm). “*”: significant relationship p < 0.05.
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Soil microbial biomass and soil respiration were greater in the forest
than in the tree plantation, as explained above, probably due to the
greater amount and diversity of organic inputs in the forest, but the
monospecific teak plantations also had much greater microbial biomass
and soil respiration than did the monospecific palm grove plantations.
Even in the mature phase (10–12 years old), the palm groves had a much
lower soil microbial biomass and soil respiration than did the teak
plantations, with values close to those of cropland (Fig. 3, Table 2). The
higher litter inputs in the adult palm plantation than in the teak plan-
tation (23.9 ± 1.7 Mg ha− 1 vs. 7.6 ± 0.7 Mg ha− 1, respectively), in
Houssoukpèvi et al., 2022, did not compensate for the soil degradation
at the establishment of the palm grove or the low root biomass and
probably C inputs from root turnover between the palm groves and teak.
The amount of organic inputs seemed to be a major driver of the mi-
crobial activity.

4.1.3. Greater microbial efficiency and SOC stabilisation in forests
Soil microbial activity, assessed by microbial indicators such as the

microbial quotient (qmic) or the metabolic quotient (qCO2), was clearly
influenced by land use, as previously reported (e.g. Kaschuk et al.,
2011). A lower microbial activity per unit of microbial biomass, i.e., the
metabolic quotient qCO2, measured in the forest indicated a higher ef-
ficiency of microbial metabolism in these soils (Table 2). The lower
qCO2 values reflect a lower energy requirement to maintain the micro-
bial community in forests and on the soil surface of tree plantations
compared to palm groves and cropland. In contrast, the high qCO2
observed in croplands suggests that the conversion of carbon into mi-
crobial biomass is less efficient under these land use conditions
(Anderson and Domsch, 2010; Dinesh and Ghoshal Chaudhuri, 2013;
Fterich et al., 2014). In croplands, low substrate availability, low pH
(Table 3) and shallow tillage could induce microbial stress, i.e., micro-
organisms diverting their energy from growth to maintenance
(Anderson and Domsch, 2010; Hungria et al., 2009; Kaschuk et al., 2011;
Mangalassery et al., 2015). Low qCO2 in forests and plantations tended
to indicate a low turnover rate of the microbial biomass, with a tendency
for C to accumulate or stabilise under forest or tree plantation condi-
tions, at least at the soil surface where the biological activity was high.
This is consistent with the lower S value of the TBI experiment on
cropland than on other land uses. Similarly, high microbial quotients
(qmic) and a low relative mineralisation rate (C-CO2:SOC ratio) in forests
(Table 2) indicated better growth of microbial populations, i.e., a high
proportion of SOC in microbial form and less CO2 loss or better SOC
stabilisation. Under palm groves or cropland, the low proportion of
organic C in microbial form could be explained by cultivation and/or
agricultural practices (low organic root input, slash-and-burn and/or
tillage) that did not favour the formation of a large microbial pool. In
croplands, teak plantations and palm groves, the high C-CO2:SOC ratios
measured may be related to intense microbial activity with limited labile
and available OM pools (Xu et al., 2011) and reduced SOC stabilisation
against soil microbial activity (Wang et al., 2003). The croplands and
palm groves appear to have the most fragile soil ecosystems due to their
lower qmic, higher qCO2 (Kaschuk et al., 2011) and higher C-CO2:SOC
ratio. Unfortunately, these land uses, as shown in our study, are under a
great agronomic pressure (Kaschuk et al., 2011). There were interme-
diate values for tree plantations, which were probably less dynamic than
those of palm groves.

4.1.4. A microbial activity concentrated in the soil surface
The soil biological activity of the sandy Ferralsol is concentrated on

the soil surface and seems low in relation to soil microbial biomass. The
microbial quotient, qmic, values usually range from 1 to 4 g MBC 100
g− 1C soil (Sparling, 1992). In the soils studied, the qmic values measured
under forests and tree plantations were at the lower end of the value
range observed by Sparling even in the topsoil. The values measured
under palm groves and cropland were even lower (0.5 to 0.7 mg MB-C
100 mg− 1C soil). This could be explained by the low C and sandy nature

of the Ferralsols studied. However, the values of the microbial indicators
confirmed that the microbial communities in these soils were still effi-
cient indicators of C turnover as they remained influenced by land use
(Rodrigues et al., 2015).

The effects of land use on tea litter decomposition and soil microbial
biomass and activity were much smaller at 10–30 cm than at 0–10 cm
(Tables 2 and 3). These results are well documented in the literature (e.
g., Banerjee et al., 2006; Maharjan et al., 2017) and were explained by
lower organic inputs at depth than at the surface. This decrease with
depth was particularly pronounced in forest and tree plantation soils.
Consequently, the effect of land use on microbial biomass was much
lower at 10–30 cm than at 0–10 cm and was no longer significant for
microbial respiration at 10–30 cm (Figs. 3, 4–5). In these sandy Ferral-
sols, the main biological activity and SOC turnover seemed to be
concentrated at the soil surface and were little affected by land use at the
10–30 cm depth.

4.2. Land use affects soil organic carbon pools

4.2.1. Land use affects soil organic carbon contents mainly in topsoil
As in Houssoukpèvi et al. (2022), SOC content decreased from forest

to tree plantations, palm groves and cropland and is concentrated in the
topsoil. The difference in SOC content between land uses could be due to
the larger amounts of litter and organic inputs from plant biomass and
dead roots available in forests than in tree plantations (Houssoukpèvi
et al., 2022), which are much younger than forest sites (Table 1), palm
groves and croplands. Also in the forests, the higher plant diversity could
also enrich the soil with a variety of organic carbon inputs, helping to
favour the SOC stocks compared to tree plantations (N'Gbala et al.,
2017). No difference in the C/N ratio of the total soil were noticeable
between the soils under forest and tree plantation to explain difference
in SOM mineralisation.

4.2.2. Permanganate oxidable carbon pool higher in croplands and palm
groves

The high POX-C pools, as well as the high POX-C:SOC and C-CO2:SOC
ratios (Tables 2 and 3), in croplands and palm groves compared to those
in forests and tree plantations could be the result of rapid conversion of
organic debris into extractable organic matter. The nature and biological
origin of the POX-C pool remain unclear in the scientific literature, and
our results provide little guidance. Our results showed no correlation
with SOC pools known as labile organic C pools (POM, C-CO2 emis-
sions), as in Malou et al. (2023) in other tropical sandy soils, and only
negative weak correlations with SOC pools known as stable organic C
pools (e.g., F0–2; Table 4).

Under croplands, this rapid microbial transformation resulting in a
higher POX-C:SOC ratio was consistent with the results of previous
studies (Thapa et al., 2018), the low stabilisation factor (S) and the high
k decomposition rate constant (Fig. 2). However, the POX-C and POX-C:
SOC ratios were similar under croplands and palm groves, and there was
no similar position for these two land uses in the k vs. S plots in Fig. 2.
The high POX-C and especially POX-C:SOC ratios in croplands and palm
groves at 10–30 cm could be explained by lower amounts of OM avail-
able for microorganisms (Thapa et al., 2018) with high microbial ac-
tivity, as indicated by the high qCO2 under these land uses and at greater
depths (Table 2). Our results tended to show that in these Ferrasols, the
POX-C pools indicated rapid transformation of OM without significant
accumulation of C in stable C pools.

4.2.3. Greater amount of C in all the soil particle size fractions in forest
topsoil

The availability of soil litter between land uses could explain the
greater amount of OC in all the soil fractions, from the POM to even the
smallest soil fraction, F0–2 μm, especially at 0–10 cm (Fig. 4). At 0–10
cm, the higher POM content in forests compared to other land uses is
attributed to aboveground and root litter inputs, which are greater in
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forests (Błońska et al., 2017; Sainepo et al., 2018; Vanguelova et al.,
2013). The difference in POM amounts between forests and mono-
specific tree plantations could be explained by differences in litter in-
puts. Similarly, the low amount of crop residues returned to the soil in
cropland (Houssoukpèvi et al., 2022) likely explains the lower POM
content observed. As the POM pool accounts for 40 % of the total SOC
content at 0–10 cm, which is quite common in sandy soils (Fujisaki et al.,
2018), the difference in POM content between land uses explains much
of the difference in total SOC content, especially in the 0–10 cm soil
layer.

The SOC pools associated with the fine fractions (F 0–2 μm) were
larger in the forest plots than in the other plots at both 0–10 and 10–30
cm. This could be explained by the age of the forests studied, which were
established for more than 50 years and benefited from regular organic
inputs of aboveground and belowground plant C. Tree plantations and
palm groves were more frequently rotated or cut (Table 1, Houssoukpèvi
et al., 2022). The C associated with fine fractions originated from dis-
solved organic matter (Rubino et al., 2010; Sanderman et al., 2014), root
exudation, and microbial compounds derived from biological activity
(Mambelli et al., 2011; Rossi et al., 2020; Vidal et al., 2018), and was
therefore lower in land uses with lower soil biological activity and C
inputs. Furthermore, strong correlations were found between MB-C and
F0–2 μm (Table 4), which could indicate the accumulation of microbial
products in the fine fraction of the soil. This accumulation of SOC
associated with the fine soil fractions should reinforce a stable SOC pool,
as SOC associated with the mineral matrix has a slow renewal rate due to
its inaccessibility to soil microorganisms (Christensen, 2001; Six et al.,
2002).

The correlations between C-CO2, MB-C and all the SOM fractions
(Table 4) illustrated the microbial activity that progressively in-
corporates plant biomass into microbial biomass (Cotrufo et al., 2013).
The greater quantity and diversity of plant residues in forests increases
the substrate diversity of microbial communities and the efficiency of
microbial communities in converting these substrates into microbial
biomass (see qmic in Table 4, Bonner et al., 2018; Fanin and Bertrand,
2016), promoting the association of SOC with the mineral matrix. This is
particularly true at 10–30 cm, where F0–2, representing 60 % of the
SOC, was highly correlated with MB-C and was the only SOM fraction
affected by land use. The high POX-C:SOC and the high C-CO2:SOC ra-
tios at 10–30 cm could also highlight the rapid transformation of OM in
this soil layer, probably because there is little SOC input available to
microorganisms. The rapid decomposition and mineralisation of plant
litter and SOC in sandy Ferralsols could explain why C accumulated only
in small amounts and was associated with the smallest fine fraction
(F0–2) at depth. Our results also confirmed the value of separating SOC
pools of different sizes (0–2, 2–20, and 20–50 μm class sizes instead of
only one 0–50 μm class size) to highlight the influence of land use on
SOC distribution and stabilisation.

5. Conclusion

This study showed the effect of land use on the decomposition,
mineralisation and stabilisation of SOM in the five major land uses on
the Ferralsols of the Allada plateau. The results showed that high bio-
logical activity in forests, or to a lesser extent in tree plantations, seems
to be effective in accumulating carbon in SOC pools associated to the
clay size fraction. Furthermore, agricultural land uses as croplands and
palm groves decreased all SOC pools, including those associated to the
clay size fraction, except the POX-C. However, forests and tree planta-
tions were not similar. The SOC pools and soil microbial properties
remained lower in tree plantations, resulting in lower C accumulation.
Our results indicated that the amount of organic inputs was a main
factor to explain the organic and biological status of the soils with higher
soil biological activity and SOM stabilisation in the clay size fraction in
forest than in tree plantations or crops, but only in the topsoil. The di-
versity of tree, litter and probably organic inputs in the forests could not
be exploited in this study. Further studies on litter and soil microbial
diversity are needed to understand the variability observed between
forests and plantations and the specific role of the diversity litter on C
cycle. Protecting forests in the landscape remains a priority to maintain
SOC stocks and soil biological activity that neither monospecific tree
plantations nor cultivation could have achieved. Our results also support
initiatives to promote agricultural or land management practices that
improve the availability of organic matter and C inputs through diverse
litter.
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Appendix A. Appendix

Table A
Results of GLM, depicting effects of land use according to depth on the studied variables using F statistic and p value
(degree of freedom = 4).

Studied indicators Soil depth (cm) F statistic Pr (>F)

Remaining mass of green tea – 4.62 3.3E-03
Remaining mass of red tea – 1.39 0.25
S – 1.79 0.14
K – 7.56 2.05E-04

C-CO2
0–10 10.58 1.4E-05
10–30 0.65 0.63

MB-C 0–10 10.78 1.2E-05
(continued on next page)
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Table A (continued )

Studied indicators Soil depth (cm) F statistic Pr (>F)

10–30 3.78 1.2E-02

qmic
0–10 5.53 1.6E-03
10–30 2.75 4.5E-02

qCO2
0–10 6.30 7.3E-04
10–30 2.01 0.13

C-CO2:SOC ratio 0–10 6.37 8.9E-04
10–30 2.78 0.06

SOC 0–10 12.00 4.5E-06
10–30 3.01 0.03

POX-C
0–10 18.63 5.3E-08
10–30 20.39 1.9E-08

POX-C:SOC ratio
0–10 22.10 7.8E-09
10–30 13.83 1.2E-06

POM 0–10 15.06 5.02E-07
10–30 0.96 0.5

F 20–50 0–10 8.16 0.0001
10–30 3.81 0.012

F 2–20
0–10 8.79 6.6E-05
10–30 1.36 0.27

F 0–2
0–10 7.19 3.01E-04
10–30 5.53 0.002

Appendix B. Appendix

Table B
Results of GLM, depicting the effects of depth on the variables studied using
F statistic and p value (degree of freedom = 1).

Dependent variable F statistic Pr(>F)

C-CO2 15.47 1.9E-4
MB-C 24.67 4.6E-06
qmic 1.78 0.19
qCO2 34.53 1.24E-07
C-CO2:SOC ratio 90.37 4.8E-14
SOC 78.86 3.9E-13
POX-C 13.32 4.9E-4
POX-C:SOC ratio 32.67 2.3E-07
POM 59.23 1.3E-10
F 20–50 47.95 2.63E-09
F 2–20 53.92 5.5E-10
F 0–2 9.791 0.003

Appendix C. Appendix

Table C
Quality of particle size fractionation of MOS.

Land use Mass recovery (%) Carbon recovery (%)

0–10 cm 10–30 cm 0–10 cm 10–30 cm

Forests 100 ± 1.9 99 ± 0.91 88 ± 0.1 96 ± 0.1
Tree plantations 100 ± 0.6 100 ± 0.5 88 ± 0.1 100 ± 0.1
Adult palm groves 100 ± 0.4 99 ± 0.7 87 ± 0.1 100 ± 0.2
Young palm groves 99 ± 0.7 99 ± 0.2 88 ± 0.1 87 ± 0.2
Croplands 99 ± 0.4 99 ± 0.8 94 ± 0.1 83 ± 0.1
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Appendix D. Appendix

Fig. D. Contribution of soil particle-size fractions to SOC content (g 100 g− 1).
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2016. Impacts of land-use intensification on litter decomposition in western Kenya.
Web Ecol. 16, 51–58. https://doi.org/10.5194/we-16-51-2016.

Kaschuk, G., Alberton, O., Hungria, M., 2011. Quantifying effects of different agricultural
land uses on soil microbial biomass and activity in Brazilian biomes: inferences to
improve soil quality. Plant Soil 338, 467–481. https://doi.org/10.1007/s11104-010-
0559-z.

Keuskamp, J.A., Dingemans, B.J.J., Lehtinen, T., Sarneel, J.M., Hefting, M.M., 2013. Tea
bag index: a novel approach to collect uniform decomposition data across
ecosystems. Methods Ecol. Evol. 4, 1070–1075. https://doi.org/10.1111/2041-
210X.12097.
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