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ABSTRACT
The inventory of the carbon (C) pools in Africa’s ecosystems is not well documented,
although it is crucial to support climate mitigation policies. We quantified the C stocks in
plant biomass, woody necromass, litter and soil (0–30 and 30–100 cm) for the five main land
uses – forest, tree plantation, young and adult palm groves, croplands – of Ferralsols on the
Allada plateau in southeast Benin. Forests have the highest total C stocks (389± 54Mg C
ha�1) compared with other land uses (222± 33, 154±6, 105±2, 77±3Mg C ha�1 in tree
plantations, adult palm groves, young palm groves and croplands, respectively). The C stocks
are higher in the biomass than in the soil (0–100 cm), e.g. in the forest, stocks were
279±54Mg C ha�1 in the biomass versus 83±2Mg C ha�1 in the soil. Differences of soil C
stocks between land uses are low (� 28Mg C ha�1) and concentrated in topsoils. The struc-
ture and species diversity of the forest partly explained the variability and the high C bio-
mass compared to tree plantations. Type of forest and plantations is important to consider
in conserving C stocks in landscapes.

KEYWORDS
Organic stocks; carbon
pools; climate change;
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Introduction

Since the middle of the twentieth century, emis-
sions of greenhouse gases (GHGs) including car-
bon dioxide (CO2) into the environment have led
to global warming and climate change. The agri-
culture, forestry and other land use (AFOLU) can
contribute to 20–60% of the total mitigation
potential of global GHG emissions by 2030 by
reducing agricultural emissions, increasing carbon
stock in soils and biomass products [1–3].
Moreover, carbon and changes in carbon stocks in
terrestrial ecosystems is a major of issue in the
efforts to control land degradation and preserve
biodiversity. Thus C balance in natural ecosystems
has been becoming a high priority issue on the
global political agenda [1, 4–6].

National climate change adaptation and mitiga-
tion plans often involve actions in the AFOLU sec-
tor. This is mostly the case in African countries
where activities in the agricultural and forestry

sector are crucial for the economy [7]. These plans
highlight the potential co-benefits of implemented
actions for rural development, food security and
ecosystem conservation. However, concrete initia-
tives regarding the quantification of carbon (C)
sequestration, are scarce due to the lack of data
on C stocks and storage potential under all land
uses [8].

For these inventories, programmes such as the
Clean Development Mechanism (CDM) initiated
under the Kyoto Protocol and the Reduction of
Emissions from Deforestation and Forest
Degradation (REDDþ) mechanism under the
United Nations Framework Convention on Climate
Change (UNFCCC) defined five carbon pools:
aboveground biomass, belowground biomass, nec-
romass, litter and soil organic carbon [9]. Several
studies have reported great heterogeneity in the C
stocks of these pools according to land cover, land
use and soil type [10–18]. In most cases, natural
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formations or formations with the least human dis-
turbance such as forests store more C in their
aboveground biomass and soils per unit area than
any other type of land use [15, 19–23]. Tree planta-
tions also show high C stocks but often less than
primary or secondary forest [24]. Tropical forests
remain among the main focal points for initiatives
to sequester large amounts of C, as well as to
recover from biodiversity loss [25,26]. Face to wide
spatial variation in forest C below ground and
above ground biomass [15, 21], understanding the
relationship between C storage potential and tree
species composition of such ecosystem is compul-
sory for implementation of management strategies
for tropical forest [27,28]. On the contrary, from a
given region, soils of croplands have the lowest
carbon stocks with variations caused by soil type
and agricultural practices [29].

In African and sub-Saharan countries, where
quantifications of soil carbon stocks at regional or
country level are being produced [14, 30–33], sys-
tematic data are still lacking for some carbon pools
of land uses. More importantly, rural areas, espe-
cially those close to large cities and densely popu-
lated, are generally a mosaic of land uses [34,35].
The likely very heterogeneous C stocks of these
areas are not well characterized [14, 36]. It is

essential to have carbon reference values in these
regions where demography and land pressure are
high and land uses are still in evolution. This is
especially the case in the South-East of Benin on
the Allada plateau close to the economic capital of
the country. In this area, the dynamics of high
value-added tree plantations and palm groves are
important in combination with croplands [35,
37–39]. The urban development and cultivation
pressure often leads to a decrease in C stocks, as
woody biomass and necromass are negligible and
annual soil C inputs are low in croplands.
Moreover, significant mineralization of soil organic
carbon (SOC) and erosion phenomena enhance
the decline in C stocks in soils under the tropics
[15]. On the Allada plateau, the decrease in SOC
could be critical, as soils are mostly sandy [40].
However, the awareness of low SOC in tropical
topsoils overlooked the potential of subsoil hori-
zons storing high proportions of SOC stocks at
depth [41]. To our knowledge, data in African soils
are poorly quantified under a variety of land uses,
e.g. in private smallholders tree plantations, and in
soils deeper than 30 cm. There are also few studies
that have examined the relationship between bio-
diversity and biomass C stock [11]. In Benin, most
studies on C stocks have focused on the impact of

Figure 1. Localisation of the study sites on the Allada plateau (southern Benin).
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cropland practices on soil C stocks [17, 20, 42] or
on forest biomass C stocks [21]. It is then necessary
to characterize the C stocks of all the land uses in
these landscapes.

The main objective of the study was to quantify
the different pools of C stocks and their variability
according to the main land uses of the Allada plat-
eau. We hypothesized that (i) C stocks would be
higher in forest than in tree plantations or palm
groves, and that biodiversity in tree species could
be an explaining factor of the variation of the C
stocks; (ii) the lower C stocks would be found in
cropland and (iii) considering the predominance of
Ferrasols with a sandy texture and the low cap-
acity of these soils to store C [18, 38, 43–45], the
variations in C stocks with land uses will be mainly
derived from the biomass. The specific objectives
of this study were (i) to fulfill the needs for sub-
Saharan Africa data in vegetation and soil C stocks
down to 1m deep; (ii) to compare the C stocks in
5 land uses (forest, tree plantations, adult and
young palms groves and croplands); and (iii) exam-
ine the relationship between forest biodiversity
and biomass C stock. Finally, in the conclusion, we
shortly considered how the results of the study
could provide data and clues for local land use
plans and policies.

Materials and methods

Study area

This study was conducted in the Lama’s territory
located on the Allada plateau (elevation from 3 to
175m a.s.l., 6�200–6�500 N and 2�000E) 30–50 km

northwest of the economic capital. The region
exposes a heterogeneous agricultural landscape,
where relics of natural forests, state tree planta-
tions and food crops were mixed with private tree
plantations of smallholder farmers, oil palm planta-
tions and pineapple cultivation [34,35]. The Lama’s
territory is composed of three municipalities,
Allada, Toffo and Z�e, located in the Atlantic
Department in southern Benin (Figure 1). These
three agricultural municipalities cover an area of
150,659 ha out of the 214,000 ha of the plateau.
Among the 7 communes of the plateau, these
three communes are the most extensive and diver-
sified in terms of agricultural practices [46,47]. The
study area is located in a tropical savannah zone
with dry winter (Aw) according to the K€oppen-
Geiger climate classification scheme [48]. Average
monthly temperatures range from 25 to 29 �C.
Average annual rainfall is 1100mm [49]. The dom-
inant soil types in the region are Ferrallitic and
Ferruginous soils, Vertisols and hydromorphic soils
[50]. The Ferrallitic soils, or Ferralsols in the world
reference base for soil resources [43], represent
70% of the soil cover (106,709 ha out of
150,659 ha) in these three municipalities [40, 51].
Ferralsols are formed on sandy-clay sediments
from the continental terminal, and commonly
called “terre de barre.” The study focused on these
Ferralsols only.

Land uses

The main land uses on the Allada plateau are (1)
forests, (2) tree plantations, (3) adult palm groves,

Table 1. Sampling design and number or replicates per plots by land uses and practices for vegetative.

Land use Sites Area (ha) Municipality Land use age (years) Practices age (years) Tree measures
Soil and litter

replicates per plot

Forests
Classified Niaouli 75.5 Allada >50 – 7 plots� 35
Sacred Dam�e 11 Toffo >50 – 5 plots� 25
Sacred Dom�e s�eko 5 Z�e >50 – 2 plots� 10
Sacred Koundokpo�e 2 Z�e >50 – 2 plots� 10
Tree plantations
State Teak 45 Z�e 65 5 6 plots� 30
State Teak 24 Z�e 65 21 5 plots� 25
Private Teak 0.5 Toffo – 10 2 plots� 10
Private Gmelina 1 Allada – 5 2 plots� 10
Adult palm groves§ Maize 1 Allada – 10 20 trees 16

Pineapple 3 Z�e – 12 20 trees 25
Cassava 2.5 Toffo – 12 20 trees 22

Young palm groves§§ Maize 0.5 Toffo – <5 20 trees 10
Pineapple 1 Z�e – <5 20 trees 15
Cassava 0.8 Toffo – <5 20 trees 10
Tomato 0.5 Allada – <5 20 trees 10

Croplands Maize 0.8 Z�e – 4 10
Pineapple 1.5 Toffo – 5 12
Cassava 0.5 Toffo – 2 10
Tomato 1.5 Allada – 3 12

�Square plots of 0.25 ha.
§Adult palm trees that were associated with Maize, Pineapple or Cassava at their young stage,.
§§Young palm trees that are currently associated with Maize, Pineapple, Cassava or Tomato.
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(4) young palm groves, and (5) croplands including
annual and biennial crops [34,35, 44,45]. To investi-
gate the variability of C stocks under these land
uses, the local diversity of plant cover and agricul-
tural practices was explored for each land use.

The forest land use included two types of forest:
(i) classified forests, i.e. relics of natural forests
under the protection of a public structure, and (ii)
sacred forests, often smaller forested areas under
the protection of local communities. These sacred
forests are found throughout the tropical zone and
cover 0.16% of Benin’s national territory [52]. They
are used for cultural and traditional religious rit-
uals. These community forests support biodiversity
conservation [53], being refuges for endemic spe-
cies, and provide many ecosystem goods and serv-
ices to communities. However, they are sometimes
degraded by insufficient management and illegal
exploitation [54,55]. In this study, the C stocks
were measured in 4 forests. The part of the classi-
fied forest of Niaouli which was located on the
plateau in the municipality of Allada and managed
by the Niaouli Agricultural Research Centre of the
Institut National des Recherches Agricoles du
B�enin (INRAB); Three sacred forests located in the
villages of Dom�e-Seko and Koundokpo�e
(Municipality of Z�e) and in the village Dam�e
(Municipality of Toffo) (Table 1).

The tree plantations modalities consist mostly
of Teak (Tectona grandis L.f.) and Gmelina (Gmelina
arborea Roxb) plantations. Two types of manage-
ment were considered: (i) state plantations (that
cover 13,000 ha nationally) under government
management, in particular by the Office National
des Bois (ONAB), and (ii) private smallholder plan-
tations, which are generally small in the study
area, about 0.44 ha on average [52, 56]. State teak
plantations were established since 1949 mostly
after a degraded forest. They are generally man-
aged as even-aged stands for timber production
with a revolution of 20 to 60 years [57]. Harvesting
is regulated and regeneration is natural. The suc-
cess of these state plantations has encouraged
many landholders and farmers to establish planta-
tions for the production and sale of service wood
(posts and poles) with a diameter comprised
between 5 and 15 cm [56, 58,59]. These private
smallholder plantations are usually established
after annual crops. The revolution is generally very
short with an harvest each 5–10 years. In this
study, the C stocks were measured in 4 tree plan-
tations: (i) two state teak plantations, 5 and
21 years after the last harvest, located in the

Djigb�e sector (Z�e municipality); (ii) two private
plantations, one of teak and one of Gmelina, 10
and 5 years after last harvest respectively (Table 1).

The Atlantic department on the Allada plateau
of Benin is recognized for its high number of oil
palm trees, Elaeis guineensis Jacq [44]. During the
first 6 years of the plantation, annual crops occupy
the space between the young and non-exploited
palms. This temporary agroforestry system is moti-
vated by the lack of arable land for smallholder
who usually farm less than 5 ha [47, 60–62]. In the
study area, young palms are mostly associated to
crops such as maize (83%), tomato (29%), pine-
apple (25%) and cassava (23%) [45]. In this study,
C stocks were measured in four young palm
groves under temporary agroforestry and in three
adult palm groves. The four selected young palm
plantations are at the end of their immature phase
(ca 5 years) and associated with maize, pineapple,
tomato or cassava. The three selected adult palm
groves (10–12 years old) have supported maize,
pineapple, or cassava crops at their young age
(Table 1). As tomato cultivation is recent, we did
not find any adult palm groves whose immature
phase had been associated with tomato
cultivation.

The local croplands are mainly cultivated with
maize (Zea mays), pineapple (Ananas comosus),
cassava (Manihot esculentus) and tomato (Solanum
lycopersicum) [45, 63]. These crops are mainly
rainfed. Before each cropping season, farmers clear
the land, often by slash and burn. Fallow is rarely
practiced in the study area due to the expanding
population [34,35] and the limit access to land.
The soil is manually tilled to a maximum depth of
20 cm using hoes. Mineral fertilizer application is
low for food crops such as maize and cassava, but
can be high in the form of urea and NPK fertilizer
(14–23–14) for cash crops: about 159 kg N ha�1,
49 kg P ha�1 and 34 kg K ha�1 split into two appli-
cations for tomato, and 480 kg N ha�1, 70 kg P ha�1

and 93 kg K ha�1 split into three or four applica-
tions for pineapple [64]. Some producers return
crop residues to the soil after harvest, especially for
tomato and pineapple [65]. This study considers 4
fields under common practices with either maize,
pineapple, tomato or cassava (Table 1).

Thus, 19 plots on Ferralsols and under the main
land uses and management options founded in
the three municipalities of Allada, Z�e and Toffo
were selected (Table 1). The age of the land use
(plantation, forest, cultivation) and of the agricul-
tural practices (harvesting, establishment of
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cassava, tomato or pineapple crops) were indi-
cated in Table 1 when information are available.

Vegetation data and soil sample collection

The collection of soil samples and field data were car-
ried out between August and September 2019. The
vegetation and dendrometric data required for the
estimation of biomass were collected on 20 trees in
the adult and young palm plots and on 0.25 ha
square plots in each forest and tree plantation sites
[66,67]. The number of square plots (Table 1) depends
on the size of the study site [68,69]. The dendrometric
data collected were the tree stem height (H) and the
tree diameter measured at 1.3m above the floor
(D130) in the studied tree plantations. For adult
palms, in addition to H and diameter (measured for
this species at 1.5m height; D150), trunk cores and
leaf samples were taken to assess trunk density at
1.5m and rachis dry biomass of leaf in rows 17, 21
and 25 [70]. For young palms, only H was measured.
All these data are necessary to run existing allometric
models and estimate biomasses (Table 2).

The litter and soil samples were collected in five
quadrats of 1m2 along the diagonal of each 0.25 ha
square plots in the forests and forest plantations. In
the palm groves and cropping systems, 10 to 25
quadrats of 1m2 were collected depending on the

size of the plots (Table 1). In each 1m2 quadrat, soil
sampling was carried out at the following depths:
0–10 cm, 10–30 cm, 30–50 cm, 50–100 cm. To
reduce the number of analyses while considering
the heterogeneity of the plots, five composite of
soil samples per depth per site were performed. In
adult palm groves, to ensure that the high hetero-
geneity associated with pruning leaf swaths, repre-
sentative of 10% of the plot [61], was taken into
account, soils were also sampled from swaths (5
additional quadras per plot).

The soil bulk density (BD) was measured at
0–10 cm, 10–30 cm, 30–50 cm, 50–100 cm depth on
each plot using the cylinder method (100 cm3) [79].
The Ferralsols of the Allada plateau do not contain
gravels and stones > 2mm [40], so the soil BD was
calculated as the dry weight (105 �C) of the soil div-
ided by the volume of the sample (g cm�3).

Soil analysis and soil carbon stock calculation

The collected soil samples were air-dried and
sieved to 2mm before analysis. Soil pH was deter-
mined in water:soil (2:1) suspension [80]. Available
phosphorus (P) was determined by Bray-1 extrac-
tion followed by molybdenum blue colorimetry
[81]. Total carbon and nitrogen contents were
determined by total dry combustion of a finely

Table 2. Equations used in the calculation of the biomass density of the different pools
Variables Unit Formulas Sources

Forest and plantation
Stem biomass in the plot (Bstemp) kg DM/0.25 ha Bstemp ¼ Rij Bsmi þ Bgmjð Þ with Bsmi ¼ biomass stock of p

plot derived from specific model for i species (kg DM) and
Bgmj ¼ biomass stock of p plot derived from generic model
for j species (kg DM)

[72]

Forest and plantation biomass (B) Mg ha-1 B ¼ Bstemp � BEF � ð1þ RÞ with Bstemp in Mg ha-1 ; BEF ¼
biomass expansion factor at 3.4 and R ¼ root-to-shoot ratio
at 0.24 for broadleaf tropical forest (with D130> 10 cm)

[73]

Oil palm groves
Aboveground biomass of young
oil palm groves (AGB)

kg AGB ¼ 0:0976� H þ 0:0706 with H ¼ tree height (m) [74]

Mean biomass of an individual
mature frond of an adult oil
palm (MDW)

kg MDW ¼ 1:147þ 2:135� ½1=3� ðDWrachis17 þ
DWrachis21 þ DWrachis25Þ� with DWrachis ¼ dry weight of
rachis of leaf 17, 21 and 25 respectively.

[75]

Dry weight of rachis (DWrachis) kg DWrachis ¼ 1:133� DWfrag

Lfrag

� �
� Lrachis with DWfrag ¼ dry

weight of a fragment take on the rachis (kg); Lfrag ¼ fragment
length (m) and Lrachis ¼ rachis length (m).

[75]

Stem biomass of an adult
palm (SAGB)

kg SAGB ¼ SLD150 � H33þð2 � SLD150þ570� S150
� 160Þ � Ccurv with SLD150 ¼ stem linear density at 1.5
m height, S150 ¼ stem section at 1.5 m height and Ccurv ¼
coefficient linked to the variation of the SLD along the stem
(H33 in m).

[76]

Stem section at 1.5 m
height (S150)

m2 S150 ¼ 3:14 � ðD1502 Þ2 with D150 ¼ Diameter at 1.5m height
in m

[71]

Stem linear density at 1.5 m
height (SLD150)

kg m-1 SLD150 ¼ S150 � Core density ð1:5 mÞ with core density in
kg m-3

[71]

Coefficient linked to the variation
of the SLD along the stem (Ccurv)

Ccurv ¼ 0:84� ½lnð1þ H33=0:6Þ � H33=2:1� with H33 ¼
Tree height measured at 33th leaf level (m)

[71]

Belowground biomass of oil palm
groves (BGB)

Mg ha-1 BGB ¼ AGB� 0:235 with AGB ¼ aboveground biomass
(Mg ha-1)

[77]

Necromass (NM) Mg ha-1 NM ¼ B� 0:09 with B ¼ total biomass (Mg ha-1) [78]
Litter biomass (LB) Mg ha-1 LB ¼ ðWT � SDWÞ=100 with WT ¼ total weight of litter

and SDW ¼ Dry matter obtained from the oven-dried
litter sample

[79]
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crushed sample aliquot (< 200 mm) using an elem-
entary analyzer (Thermo flash 2000 CN analyzer,
Milan, Italy). As there is no carbonates in these
soils, total C is SOC. Soil texture was determined
by the Robinson pipette method [82].

The SOC stocks were calculated on each of the
sampled soil layers based on IPCC procedures [13,
72], with equation 1:

C stocks Mg C ha�1
� �

¼ 0:1 � C � BD � T (1)

Where, C is the SOC content (g C kg�1 soil); BD
is the soil bulk density (g cm�3) and T is the thick-
ness of the soil layer (cm). Calculations of stocks at
greater depths were done by adding up the corre-
sponding soil layers. The comparisons of SOC
stocks between land uses were done on equivalent
soil thickness basis or on equivalent soil mass basis
(ESM). Bulk density was used to calculate the soil
mass, i.e. 4000, 11000 and 15000Mg ha�1 for
approximatively 0–30, 30–100 and 0–100 cm depth
(Equation 2).

ESM Mg ha�1
� �

¼ 100� BD � T (2)

Where, BD is the soil bulk density (g cm�3) and
T is the thickness of the soil layer (cm).

For soils under adult palm groves, stocks per
hectare were calculated from the carbon content
under the swaths for 10% of the plot surface and
outside the swaths for the remaining 90%.

Biomass and litter estimation and biomass
carbon stock calculation

Woody biomass, necromass and litter (grasses and
plant debris) estimations were carried out for for-
est, tree plantations, adult and young palm groves.
Above- and below-ground biomasses of trees were
estimated using equations detailed in Table 2, and
expressed as dry matter (DM).

In forests, an inventory of the tree species in
each plot was carried out. In the Niaouli forest
managed by INRAB, the species of most of the
trees were labelled. For unlabeled trees and in
sacred forests, species were determined using the
Benin analytical flora [46]. In forest and tree planta-
tions, stem or trunk biomasses were estimated
using species-specific biomass models when avail-
able or generic models if not [83–85]. These mod-
els were fed with measured H and D130 values
(Supplementary Material 1). The above and below-
ground biomass (B) were calculated using the
stem biomass of the trees (Table 2). The biomass
expansion factor (BEF) used to estimate forest and
plantation biomass was the BEF values for tropical

broadleaf forests established by the IPCC, [86,87]
in the good practice guidance for land use, land
use change and forestry. The value of 3.4 adapted
to growing stock biomass in the forest or planta-
tion stands was used. We considered that forests
and plantation are dynamic due to regular logging
or natural tree falls. Indeed, in the forests illegal
logging activities are frequent, especially in the
sacred forests. In state-managed plantations, log-
ging is regulated and regular, whereas in private
plantations logging is not controlled.

For young palm groves (< 6 years), the above-
ground biomass (AGB) of each palm was calcu-
lated from H (Table 2). In adult palm groves, AGB
of each palm was calculated by adding the bio-
mass of the mature fronds (MDW) and the stem
biomass (SAGB) (Table 2) The belowground bio-
mass (BGB) of young or adult palms (Table 2) was
estimated from the AGB [76]. The biomass (B) is
the sum of AGB and BGB and then scaling up
using the density of palms of 143 ha�1 reported
for the area [64].

For logistic reasons, the dead biomass or necro-
mass (NM) of forests and tree plantations were not
measured but calculated from the biomass (B) by
an equation established in tropical forest (Table 2).
In palm groves, there were hardly no dead trees,
so NM was considered negligible.

The method used for biomass in litter was the
full collection of litter [88–90] according to the
guidelines of the UNFCCC [78]. In each 1m2 quadrat,
weeds and plant debris were collected and weighed
after drying at 65 �C. In the rows of adult palm
groves, the biomass of pruning leaves in swath was
also estimated. The litter biomass (LB) was calcu-
lated using the equation mentioned in Table 2.

The carbon stocks of the vegetation compart-
ments (above- and belowground biomass (B); nec-
romass (NM); litter biomass (LB) were estimated
from equation 3 [72, 91]:

½Biomass carbon stock ðMg C ha�1Þ�
¼ Biomass Mg ha�1

� �� �
� 0:47 (3)

Carbon stock variability analysis

Standard deviation and the coefficient of variation
(CV) were used to assess the variation in the C
stock of each C pool within each land use. The
variability of biomass (B) and the associated C
stock within forests and tree plantations were ana-
lyzed with the structure of the stands, i.e. tree
density, basal area, D130, and biodiversity indices,

254 I. A. HOUSSOUKPÈVI ET AL.

https://doi.org/10.1080/17583004.2022.2074314


i.e. species richness (S), Shannon diversity index (H)
and Pielou evenness (Eq). [11, 21].

The trees in each 0.25 ha square plot were clas-
sified into five D130 classes: �15, 15–30, 30–45,
45–50, 	50 cm. The densities of each D130 class
(trees ha�1) were calculated in forest and tree
plantations. Basal area (m2 ha�1) is the sum of the
cross-sectional areas at 1.3m above ground level
of each trees [92].

The species richness (S) of a stand is the num-
ber of species counted in that stand
(Supplementary Material 2). The Shannon index
(H) was calculated using equation 4 [93]. This spe-
cific diversity index takes into account the number
of species present and the distribution of the
population within these species.

H ¼ �
X ni

N

� 	
Log2

ni
N

� 	
(4)

where ni is the number of individuals for the i spe-
cies; N the total number of individuals of all species.

The Pielou evenness (Eq), calculated with equa-
tion 5, expresses the distribution of species within
a stand [93]. This index varies from 0 to 1. Equal
to 1, each species has identical abundances in the
stand. Equal to 0, a single species dominates the

entire stand. Both indices were measured on a
0.25 ha plot.

Eq ¼ H
log2S

(5)

where S is the total number of species, and H the
Shannon index.

Data analysis

For each studied variable, a statistical analysis was
carried out with the R software version 3.6.3 [94]
to assess the effect of land use on these variables.
The general linear mixed effect model was used to
test the difference between land uses depending
on soil depths. Post-hoc comparisons of means
tests were performed for the independent factor
(land use) using the Tukey-HSD test at the 5%
probability level. Pearson correlations of forest and
plantation biomass C stocks with basal area, tree
density of D130> 30 cm and Shannon biodiversity
index were performed using the “chart.correlation”
function of the PerfomanceAnalytics package [95].

Table 3. Physico-chemical properties of soils (mean ± standard deviation).

Soil properties Soil depth (cm)
Forests
n¼ 20

Plantations
n¼ 20

Adult palm
n¼ 15

Young palm
n¼ 20

Croplands
n¼ 20

Sand (g kg�1) 0–10 757 ± 38 a 767 ± 29 a 838 ± 46 a 833 ± 27 a 773 ± 66 a
10–30 753 ± 53 a 778 ± 30 a 826 ± 56 a 809 ± 31 a 747 ± 68 a
30–50 657 ± 61 a 681 ± 81 a 6506 ± 37 a 697 ± 34 a 659 ± 64 a
50–100 542 ± 60 a 602 ± 94 a 584 ± 50 a 568 ± 40 a 615 ± 39 a

Silt (g kg�1) 0–10 125 ± 27 a 166 ± 26 a 68 ± 36 a 75 ± 29 a 135 ± 61 a
10–30 114 ± 27 a 134 ± 27 a 65 ± 39 a 61 ± 18 a 122 ± 61 a
30–50 151 ± 35 a 171 ± 46 a 167 ± 14 a 124 ± 34 a 172 ± 45 a
50–100 215 ± 41 a 225 ± 53 a 179 ± 34 a 203 ± 29 a 180 ± 23 a

Clay (g kg�1) 0–10 103 ± 27 a 63 ± 18 a 79 ± 17 a 72 ± 8 a 78 ± 10 a
10–30 128 ± 33 a 85 ± 25 a 88 ± 22 a 111 ± 16 a 115 ± 13 a
30–50 181 ± 28 a 138 ± 39 a 160 ± 30 a 170 ± 24 a 151 ± 27 a
50–100 234 ± 28 a 158 ± 47 a 213 ± 27 a 214 ± 30 a 189 ± 22 a

Bulk density (g cm�3) 0–10 1.3 ± 0.02 ab 1.3 ± 0.02 ab 1.3 ± 0.01 b 1.3 ± 0.02 b 1.4 ± 0.01 a
10–30 1.4 ± 0.02 ab 1.4 ± 0.02 a 1.4 ± 0.01 b 1.4 ± 0.02 ab 1.4 ± 0.02 a
30–50 1.5 ± 0.02 b 1.5 ± 0.01 b 1.6 ± 0.01 a 1.5 ± 0.02 b 1.5 ± 0.02 b
50–100 1.6 ± 0.01 b 1.6 ± 0.01 b 1.7 ± 0.03 a 1.6 ± 0.02 b 1.6 ± 0.01 b

pH 0–10 5.8 ± 0.1 b 6.2 ± 0.2 a 5.6 ± 0.1 b 5.6 ± 0.1 b 5.5 ± 0.1 b
10–30 5.4 ± 0.2 a 5.6 ± 0.2 a 5.6 ± 0.1 a 5.3 ± 0.1 a 5.3 ± 0.2 a
30–50 5.1 ± 0.2 a 5.1 ± 0.2 a 5.5 ± 0.1 a 5.2 ± 0.1 a 5.2 ± 0.1 a
50–100 4.9 ± 0.2 a 4.7 ± 0.2 a 5.2 ± 0.1 a 4.9 ± 0.1 a 4.9 ± 0.1 a

Extractable Phosphorus (mg kg�1 soil) 0–10 4.5 ± 0.2 c 4.3 ± 0.4 c 3.7 ± 0.1 c 5.5 ± 0.3 b 7.4 ± 0.3 a
10–30 3.1 ± 0.2 b 3.7 ± 0.5 ab 3.1 ± 0.2 b 4 ± 0.1 a 4.1 ± 0.4 ab
30–50 2.6 ± 0.3 a 3.1 ± 0.5 a 3.2 ± 0.1 a 3.1 ± 0.1 a 2.6 ± 0.2 a
50–100 2.5 ± 0.2 b 3.3 ± 0.4 ab 3.5 ± 0.1 a 2.3 ± 0.2 b 2.6 ± 0.2 b

Total Carbon (g C kg�1 soil) 0–10 19 ± 1.1 a 12.5 ± 0.6 b 9.1 ± 0.6 c 8.8 ± 0.4 c 9.1 ± 0.8 c
10–30 6.4 ± 0.3 a 5.2 ± 0.3 b 4.2 ± 0.2 c 4.3 ± 0.3 c 6.1 ± 0.7 ab
30–50 3.9 ± 0.2 a 3.5 ± 0.3 ab 3.6 ± 0.3 a 2.9 ± 0.1 b 4.2 ± 0.3 a
50–100 3.5 ± 0.2 bc 3.1 ± 0.2 cd 3.7 ± 0.2 ab 3.0 ± 0.1 d 3.9 ± 0.2 a

Total Nitrogen (g N kg�1 soil) 0–10 1.84 ± 0.15 a 1.08 ± 0.05 b 0.73 ± 0.04 c 0.69 ± 0.03 c 0.7 ± 0.06 c
10–30 0.79 ± 0.09 a 0.52 ± 0.02 b 0.41 ± 0.01 c 0.42 ± 0.02 c 0.51 ± 0.04 b
30–50 0.49 ± 0.02 a 0.44 ± 0.02 ab 0.4 ± 0.01 bc 0.37 ± 0.01 c 0.43 ± 0.02 b
50–100 0.48 ± 0.02 a 0.43 ± 0.01 bc 0.45 ± 0.01 ab 0.41 ± 0.01 c 0.43 ± 0.01 bc

C-to-N ratio 0–10 12.7 ± 0.1 a 13 ± 0.3 a 11.2 ± 1.1 b 12.6 ± 0.4 a 11.6 ± 0.1 b
10–30 10.2 ± 0.4 b 11.8 ± 0.4 a 8.8 ± 0.5 c 10.2 ± 0.4 b 9.9 ± 0.3 b
30–50 7.9 ± 0.3 b 9.7 ± 0.3 a 7.9 ± 0.2 b 8.9 ± 0.5 b 7.8 ± 0.4 b
50–100 7.5 ± 0.2 bc 9.2 ± 0.2 a 7.2 ± 0.2 c 8.2 ± 0.4 b 7.2 ± 0.4 bc

Means that do not share a letter are significantly different between land uses for the same soil depth (p< 0.05).
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Results

Basic soil properties

Soil textures were not significantly different
between the land uses (p> 0.05, Table 3). Soils
were sandy with more than 750g sand kg�1 soil at
the surface and slightly less sand in depth. The soils
studied were acidic, with low pH values (5.5 to 5.8).
Only the soils under tree plantations are slightly
less acidic (pH ¼ 6.2) at the surface (0–10 cm).

Bulk density (BD), available phosphorus (P), total
nitrogen (N), soil organic carbon (SOC) and soil C:N
ratio were significantly (p< 0.001) affected by land
use regardless of sampling depth (Table 3).

Soil BD values were slightly higher under crops
than under palm trees at the surface (0–10 cm),
but at the depth 50–100 cm, BD of soils under
adult palm plantations were higher than under
crops. The BD of soils under forest and plantations
were more variable and globally not significantly
different from values of other land uses.

The SOC and N contents were higher under for-
est than under other land uses at all depths except
50–100 cm for the SOC. Unexpected slightly higher
SOC contents in croplands and adult palm plots
were observed. Soil texture did not explain SOC
contents differences observed between land uses.
Fine particles (0–20 mm) contents were not corre-
lated to SOC contents in topsoils (0–30 cm) but did
at depth (30–100 cm) (Supplementary materials 3
and 4). Soil C:N ratios was sometimes statistically
different between land use, slightly higher under
forest and tree plantations but the differences
were generally less than 1.5 units. Available P lev-
els was higher in croplands soils than in young
palm groves, from þ1 to nearly þ3mg P kg�1 soil,
but only at the surface and probably due to the
mineral fertilization applied to the crops.

Soil organic carbon stock

For the 0–30 cm soil layer, the SOC stocks were sig-
nificantly (p< 0.001) higher in forests than in tree

plantations, croplands, or young and adult palm
groves (Table 4). Within this layer, the SOC stocks
were not significantly different (p> 0.05) between
tree plantations and croplands. Considering the
30–100 cm layer, the SOC stocks in the young palm
groves were significantly lower (p< 0.001) than in
the other land uses. The highest SOC stock values
at this depth were observed in croplands and the
lowest in young palm groves and tree plantations,
with significant differences (p< 0.01) between these
sites. On the other hand, no clear difference (at
p> 0.05) between SOC stocks in forests, adult palm
groves, tree plantations and cropland were found
at this soil depth. Looking at the soil profile from 0
to 100 cm depth, the SOC stock was significantly
(p< 0.001) higher in forests compared to other land
uses. The lowest value was observed in young palm
groves. The largest difference in carbon stocks was
thus measured between forest and young palm
groves and was only 28.3Mg C ha�1 over 0–100 cm
or 27.8Mg C ha�1 for an equivalent soil mass in
both land uses of ca. 15000Mg ha�1.

Biomass carbon stocks

Woody biomass (i.e. aboveground and below-
ground), necromass and litter biomass varied sig-
nificantly (p< 0.001) with land use (Table 5).
Forests had the highest biomass and necromass
stocks, while adult palm groves had the highest
litter stock. Forests stored about 2 times more
carbon in biomass than tree plantations
(þ 139Mg C ha�1), 3.5 times more than adult
palm groves and 5.8 times more than young palm
groves (Table 5). Noticeably, the litter in adult
palm groves constituted a significant C stock of
11.2Mg C ha�1 much higher than that in the for-
est, tree plantations or croplands.

Total carbon stock distribution in the carbon
pools of each land use

The total C stock, i.e. the C stock contained in
all vegetation compartments and the first meter

Table 4. Soil organic carbon stock (SOC, mean ± standard deviation) and equivalent soil mass.
Land Use

Forest Tree plantations Adult palm Young palm Croplands

Equivalent soil thickness basis
0–30 cm 43± 1.9a 31.4 ± 1.2b 22.8 ± 1.1c 23.1 ± 1.3c 30.5 ± 2.8b
30–100 cm 40± 1.8ab 35.4 ± 2.4b 41.9 ± 2.0ab 32.4 ± 1.0c 43.2 ± 1.7a
0–100 cm 82.5 ± 2.4a 68.4 ± 2.7bc 64.7 ± 2.7c 54.2 ± 2.0d 75.9 ± 4.5b
Equivalent soil mass basis
4000Mg ha�1 41.9 ± 1.8a 30.3 ± 1.2b 23 ± 1.1c 22.9 ± 1.3c 28.8 ± 2.6b
11000Mg ha�1 40.3 ± 1.8ab 35.8 ± 2.4b 40.1 ± 1.9ab 32.8 ± 1.0c 44.4 ± 1.7a
15000Mg ha�1 82.4 ± 2.4a 68.3 ± 2.7bc 62.8 ± 2.6c 54.2 ± 2.0d 75.9 ± 4.5b

Means that do not share the same letters in a row are significantly different (p< 0.05).
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of soil, decreased in the following order:
Forests> Tree plantations>Adult palm
groves> Young palm groves>Croplands, with
values of 389 ± 54, 222 ± 33, 154 ± 6, 105 ± 2,
77 ± 3Mg C ha�1 respectively (Figure 2). Forests
stored approximately 1.75 times more than tree
plantations, 2.5 times more than adult palm
plantations, and 5 times more than croplands.
Adult palm groves stored 2 times more carbon
than croplands (Figure 2). Except for soils under
croplands and to some extent young palm
groves, a large majority of the C stock was con-
tained in the living plant biomass. In forest,
plantation and adult palm groves, the biomass C
stock represented 72%, 63% and 51% of the
total C stock respectively (Figure 2). In the
young palm groves and croplands, C stocks were
mainly in the soil (0–100 cm depth) which con-
tained 54% and 98% of total C stocks respect-
ively. Differences in C stocks between land uses
were mainly explained by differences in C stocks
in the woody biomass.

Carbon stock variability in each land use

The C stocks were more variable in biomass and
necromass in the forests and in the tree

plantations than in the litter and soil (Table 6, and
see standard deviation of C stocks in Tables 4 and
5). The C stock variations were greater in tree plan-
tations and forests than in both palm groves and
croplands. This is due to the variations in biomass
C stocks, for example as assessed by the standard
deviations that varied in the order:
Forests> Plantations>Adult palm groves> Young
palm groves with respectively the values of
54.0> 33.1> 5.5> 1.1Mg C ha�1 (Table 5). By con-
trast, the variation in C stocks in soils and litter in
the young palm groves and in the croplands pre-
sented higher coefficient of variation than in the
other land uses (Table 6).

Biodiversity and structure of forests and tree
plantations

The species richness was two times higher in the
classified Niaouli forest than in the sacred forests
(Table 7). In addition, the Niaouli forest showed
more diverse species communities than the sacred
forests (high Shannon index, Table 7). In contrast
to the Shannon index, the Pielou’s evenness index
revealed no clear difference between the classified
Niaouli forest and the sacred forests (Table 7). The
species were quite uniformly distributed among all

Table 5. Biomasses and derived carbon stocks (mean values ± standard deviation) of plant compart-
ments (woody biomass, necromass, and litter)

Pools

Land use

Forests Plantations Adult palm Young palm Croplands

Biomass
in Mg ha-1 592.8 ± 114.8 a 296.8 ± 70.5 b 166.1 ± 11.7 c 102.6 ± 2.3 d –
in Mg C ha-1 278.6 ± 54.0 a 139.5 ± 33.1 b 78.1 ± 5.5 c 48.2 ± 1.1 d –
Necromass
in Mg ha-1 53.4 ± 10.3 a 26.7 ± 6.3 b – – –
in Mg C ha-1 25.1 ± 4.9 a 12.6 ± 3 b – – –
Litter
in Mg ha-1 6.1 ± 0.4 b 7.6 ± 0.7 b 23.9 ± 1.7 a 3.1 ± 0.4 c 2.7 ± 0.4 c
in Mg C ha-1 2.9 ± 0.2 b 3.6 ± 0.3 b 11.2 ± 0.8 a 1.5 ± 0.2 c 1.3 ± 0.2 c

Means that do not share the same letters in a row are significantly different (p < 0.05)

Figure 2. Total carbon stocks and their distribution across the different carbon pools in the different land uses (error bars
are standard deviation).
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the forests studied. Tree densities were higher in
the tree plantations (166–469 trees ha�1) than in
the forests (69–146 trees ha�1). However, forests,
especially classified Niaouli forest and the sacred
forest of Koundokpoe, had higher tree densities in
DBH classes > 50 cm (Table 8). Basal areas were
highly variable and generally higher under forest
(6–48m2 ha�1) than under tree plantation
(5–18m2 ha�1). However, the 21-year-old teak
plantation had notably a high basal area
(18m2 ha�1; Table 7). The biomass C stocks of for-
ests and tree plantations were correlated with
basal area and with the density of trees with DBH
>30 cm (Figure 3). The biomass C stocks in the for-
ests were also correlated with the Shannon bio-
diversity index (Figure 3).

Discussion

Soil carbon stock down to 1m deep

The highest SOC stocks (0–30 cm) in forests com-
pared to other land uses are consistent with other
studies on similar soil types. This is attributed on
one hand to the high biomass production resulting
from the large amount of vegetation under the
forest canopy [96] and on the other hand to the
contribution of decaying tree leaves, shoots and
roots to the soil [76, 97]. The difference in soil C
stock between forests and tree plantations could
be due to the large layers of litter and organic
inputs from plant biomass and dead roots

available in forests [13]. However, in our study only
the woody necromass and not the litter biomass
were higher in forests compared to tree planta-
tions. It can be explained by the forest aged more
than 50 years while tree plantations ranged from 5
to 21-years-old during which organic matter
decomposed and accumulated. Besides, the higher
plant diversity in forest could enrich the soil with a
diversity of organic carbon inputs that contribute
to favor the SOC stock [98,99]. At a depth of
0–30 cm, the SOC stocks were similar in tree plan-
tations and croplands, while palm groves had
lower stocks. These differences remain moderate
and less than 10Mg C ha�1 (Table 4). These differ-
ences could be partly explained by a slightly
higher equivalent soil mass at 0–30 cm in the crop-
lands, i.e. for an equivalent soil mass basis of
4230Mg soil ha�1, compared to the palm
groves, i.e. for an equivalent soil mass basis of
3960Mg soil ha�1, and by the crop rotation or the
organic management of the fields. Although the
soils of cropland store few amount of C per hec-
tare, the promotion of organic input management
practices and nutrient recycling such as the return
of crop residues or pruning leaves should be pro-
moted to sustain soil fertility, agricultural produc-
tion and carbon sequestration [3].

Table 6. Coefficient of variation (%) of the C stocks by
pools and land uses.
Land cover Woody Biomass Necromass Litter Soil

Forests 19 19 7 3
Tree plantations 24 24 9 4
Adult palm 7 – 7 4
Young palm 2 – 12 4
Croplands – – 15 6

Table 7. Biodiversity and structure of the forests (all > 50 years-old) and the tree plantation (of different ages) (mean
values ± standard deviation)

Parameters
Forests Tree plantations

Niaouli
(classified)

Dom�e Seko
(sacred)

Dam�e
(sacred)

Koundokpo�e
(sacred)

21 years-old
State teak

5 years-old
State teak

10 years-old
Private teak

5 years-old
Private
gmelina

Tree density
tree ha�1

146 ± 13 102 ± 20 69 ± 10 92 ± 23 459 ± 87 375 ± 22 172 ± 51 166 ± 93

Species richness 14 6 7 8 1 1 1 1
Shannon diversity 2.92 ± 0.3 1.74 ± 0.53 2.17 ± 0.13 2.75 ± 0.04 – – – –
Pielou evenness 0.88 ± 0.06 0.75 ± 0.1 0.88 ± 0.01 0.92 ± 0.01 – – – –
Basal area

m2 ha�1
47.5 ± 6.2 9.9 ± 0.2 6.3 ± 1.5 25.1 ± 7.1 18.5 ± 2.6 4.9 ± 0.5 6.7 ± 1.5 5.1 ± 2.4

Biomass
Mg ha�1

1052.2 ± 62.8 154.2 ± 16 120.2 ± 9.0 604.4 ± 92.9 627.6 ± 92.3 117.2 ± 17.6 249.8 ± 0.9 55.2 ± 26.0

C biomass
Mg C ha�1

494.6 ± 29.5 72.5 ± 7.5 56.5 ± 42.3 284.1 ± 43.7 295.0 ± 43.4 55.1 ± 8.3 117.4 ± 0.4 26.0 ± 12.2

Table 8. Distribution of tree density (number ha�1)
according to diameter at 1.3m, i.e. D130 classes (cm) for
the forest and tree plantations.

Land use

D130 classes (cm)

<15 15–30 30–45 45–50 >50

Classified forest of Niaouli 0 17 11 2 116
Sacred forest of Dome seko 18 26 44 0 14
Sacred forest of Dame 6 32 19 4 8
Sacred forest of Koundokpoe 4 22 20 0 46
21 years_old state teak plantation 166 201 90 0 2
5 years-old state teak plantation 319 54 2 0 0
10 years-old private teak plantation 8 158 6 0 0
5 years-old private Gmelina plantation 38 124 2 0 2
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With differences of less than 10Mg C ha�1, SOC
stocks appear to be little affected by the land use
at higher depths (30–100 cm) (Table 4). The slightly
higher stocks observed in cropland and adult palm
groves at 30–100 cm could be explained by higher
soil bulk density in cropland and palm groves
[13,14, 100]. Soil texture did not explain SOC con-
tents differences observed between land uses.
There was no significant difference of clay con-
tents between land use and the range of soil tex-
ture (25–300 g clay kg�1 soil) was covered for all
land uses at each depth (Supplementary materials
3 & 4). In cropland the unexpected slightly higher
SOC contents at 30–100 cm could be derived from
previous land uses or accumulated charcoal from
regular slash and burn practices [4].

In line with results obtained in the 0–30 and
30–100 cm soil layers, the SOC stocks in the first
meter of soil appeared slightly impacted by land
use. Oil palm groves and especially at young age
had the lowest SOC stocks (54Mg C ha�1) com-
pared to forest (83Mg C ha�1) or even croplands
(76Mg C ha�1). Young oil palm groves could have
especially low SOC stocks due to a specific man-
agement of the field, e.g. regular weeding and no
fallow, to favor the set-up of the palm trees [64]. In
these sandy soils, measuring SOC stocks at deeper
depth than 0–30 cm did not change our conclu-
sions on the impact of land use on SOC stocks but
slightly modify the quantitative difference between
SOC stocks (DC between forests and croplands ¼
12 ± 4Mg C ha�1 at 0–30 cm and 7± 5Mg C ha�1

at 0–100 cm).

Biomass and litter carbon stocks

Croplands supported only few litter biomass
because crop residues are burnt or exported for
domestic animal feed. The biomass of forests, tree

plantations and palm groves was in the range
(50–749Mg DM ha�1) reported in other studies
conducted in tropical forests [21, 101–103]. The
forests, tree plantations and palm groves of the
Allada plateau had a relatively high biomass and
store a significant amount of carbon. Biomass was
especially high in forests and was much higher
than in tree plantations, adult palm groves and
young palm groves. This could be due to the stand
structure in link with the age of stand and charac-
teristics of the forest trees, reflecting their high
biomass production [11, 21, 99, 104]. Palm et al.
[105] measured C stocks in African rainforests
(255Mg C ha�1) of the same order as in our study
(279 ± 54Mg C ha�1). However, our results are
superior to those obtained by Mitchard et al. [106]
using remote sensing data. This difference can be
explained on the one hand by the quality of the
biomass mapping which strongly depends on the
different sensors used (optical, RADAR or LiDAR)
and on the other hand by the allometric equation
used to convert forest inventory data into bio-
mass [107].

The C stocks in litter was particularly high in
adult palm groves (11Mg C ha�1), in contrast to
tree plantations and forests (3 to 4Mg C ha�1).
This difference can be explained by the restitution
of palm pruned leaves in the form of swaths dur-
ing the maintenance of these palm groves, a prac-
tice that is beneficial for improving the physico-
chemical properties and carbon stock of the
soil [42].

Total carbon stocks

The total C stock and its distribution in the four C
pools: biomass, necromass, litter and soil varied
with the land use. Total C stocks decreased from
forests (389 ± 54Mg C ha�1) to total plantations

Figure 3. Correlation between biomass C stocks with basal area, density of trees with diameter at 1.3m (D130) >30 cm and
Shannon index.
On top the coefficient of determination (R2) and stars indicates that the p-value (Pearson’s test) is less than 0.001 for the correlation between the bio-
mass carbon stock and the others factors.
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(222 ± 33Mg C ha�1), adult palm groves
(154 ± 6Mg C ha�1), young palm groves
(105±2Mg C ha�1) and croplands (77±3Mg C ha�1).
The different pools also contributed differently to
total C stocks across land uses. The dominant pool
in forests, tree plantations and adult palm groves
was the biomass C stock, which is in line with the
general trend reported in the literature [15, 17,
108–111]. This result confirmed that in forests, but
also in tree plantations and adult palm groves, the
tree living biomass are the main C reservoir of
tropical forest ecosystems [112,113]. This is espe-
cially true for ecosystems on sandy soils which
contain little SOC [18] such as the studied
Ferralsols. On the contrary, the SOC stock is the
predominant C pool in croplands and in young
palm groves frequently cultivated in temporary
agroforestry (palmþmaize, cassava, tomato or
pineapple) in Benin [14, 45, 114].

Consequently, the differences in C stocks
between land use were mainly located in the C
biomass pool (e.g. between forests and croplands
DSOC¼ 5–12MgCha�1 vsDCbiomass 270MgCha�1).
These results confirm that on sandy soils, the differ-
ences in C stocks between the land uses are mainly
due to the C biomass pool [99, 115].

Our study fulfilled the lack of C data in biomass,
necromass, litter and soil for various land use from
a sub-Saharan region. It confirms the expected low
capacity of sandy Ferralsols to store C. The varia-
tions in SOC stocks with land uses are moderate
even if the measurements have been performed
down to 1m deep. The variations in C stocks with
land uses are mainly located in the C biomass pool.

Carbon stock variability and biodiversity

The variations in measured C stock were most
obvious in the biomass measurements than in soils
or in litter (26 to 495Mg C ha�1 vs 4 and 1Mg C ha�1

respectively). These variations in C biomass were
partly explained by forests and tree plantations char-
acteristics, such as tree species diversity and rich-
ness, tree density, basal area and tree density
distribution in DBH classes [11, 84,85]. All forest
aged more than 50 years. The age of the tree
plantations (21 years vs 10 years) explained the
presence of larger trees with a larger basal area
than in the younger plantations and thus the
higher C stock in the biomass of the 21-year-old
state teak plantation compared to the younger
state or private teak plantations. Despite the fact
that tree density was higher in teak plantations

than in forests, the high C stocks in the classified
Niaouli forest could be explained by the predom-
inance of species with large DBH > 30 cm and
even > 50 cm (Table 7). This is consistent with
previous studies, which have shown that the C
content of tree species is positively correlated
with their diameter at breast height [116,117].
Our result revealed that the C biomass stock in
the forest were positively correlated with bio-
diversity (Shannon diversity index) which confirms
previous studies [118–120]. Indeed, our study in
four forests showed that tree species diversity,
and especially the presence of large and dense
trees with a high C storage potential, could also
explain their high biomass C stocks. Large and
dense trees include Antiaris toxicaria, Ceiba pen-
tandra, Dialium guineense, Senna siamea et
Triplochiton scleroxylon [83,84, 115, 121]. The cor-
relation between tree density of DBH >30 cm
and biomass C stock confirmed that large trees
contribute significantly to carbon storage [108].
The presence of large trees in the Koundokpo�e
sacred forest explained its high C biomass stock
compared to other sacred forests. However, the C
biomass stock in these forests look a little bit
overestimated despite using specific models. It
could be explained by the application of generic
models for biomass stock estimation of tree spe-
cies for which there is no specific model [107].
Protecting the trees in the sacred forests would
increase their long-term carbon storage potential.

Conclusion

The C stocks data measured and calculated in this
study confirmed that forest store much more C
than tree plantations (teak, gmelina or palm
groves). Cropland store small amount of C, mainly
because (i) C biomass in the studied cropland is
minor and (ii) SOC in Ferralsols, whatever the land
use, is poor. The high variability in the biomass C
stocks measured between forests was partly
explained by the tree species of the forests. Our
study gives evidence to support the hypothesis
that biodiversity in tree species, and especially the
presence of large trees with dense wood, could be
an explaining factor of the variation of the C
stocks. These data provide evidence to focus C
local land use plans and policies on C biomass
stocks and on the biodiversity of the forest pre-
served or reforested. As there is small difference in
SOC stocks between land use types, our results
seem to show that, on the Allada plateau, purely
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C-centered policies must above all encourage bio-
mass amount and diversity increasing. This
involves preserving forests and forest resources,
encouraging afforestation with a diversity of tree
species, and supporting local communities in man-
aging and securing sacred forests. In an effort to
reduce the concentration of GHGs in the atmos-
phere and at the same time improve the economic
conditions of the smallholders, it is necessary to
undertake studies on the C storage potential of
the planted trees and associated farming systems.
These studies must include the optimization of the
growth rate, but also studies on the fate of the
products of the plantations (poles, planks, etc.) in
order to establish the long-term carbon balance of
these tree plantations. In agriculture, agroforestry
can also be promoted to enhance the C stock in
biomass of agricultural fields. Finally, further stud-
ies are needed to assess the surface dedicated to
each land use and the global C budget of the
Allada plateau, and then help to design C policies.
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denses s�eches de la forêt class�ee des Monts Kouff�e
et de sa p�eriph�erie au B�enin. Th�ese de Doctorat, EDP,
FLASH, Universit�e d’Abomey-Calavi, B�enin.2014;231.

40. Azontond�e HA. Propri�et�es physiques et hydrauli-
ques des sols au B�enin. IAHS Publ. 1991;199:
253–256.

41. Wade AM, Richter DD, Medjibe VP, et al. Estimates
and determinants of stocks of deep soil carbon in
Gabon, Central Africa. Geoderma. 2019;341:236–248.
doi:10.1016/j.geoderma.2019.01.004.

42. Aholoukp�e H, Amadji GL, Blavet D, et al. Effet de la
gestion des feuilles d’�elagage du palmier �a huile sur
le stock de carbone et les propri�et�es physico-chimi-
ques du sol dans les palmeraies villageoises du
B�enin. Biotechnol Agron Soc Environ. 2016;20(2):
171–182. doi:10.25518/1780-4507.12946.

43. IUSS. World reference base for soil resources 2014.
International soil classification system for naming
soils and creating legends for soil maps. Rome,
IUSS.

262 I. A. HOUSSOUKPÈVI ET AL.

https://doi.org/10.1016/j.geodrs.2020.e00320
https://doi.org/10.1016/j.foreco.2016.06.007
https://doi.org/10.4236/ojss.2013.36030
https://doi.org/10.4314/ijbcs.v12i6.27
https://doi.org/10.1007/s11676-017-0411-x
https://doi.org/10.1007/s11676-017-0411-x
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1016/j.geoderma.2021.114943
https://doi.org/10.1016/j.geoderma.2021.114943
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1073/pnas.1901616116
https://doi.org/10.1126/sciadv.aav3223
https://doi.org/10.1126/sciadv.aav3223
https://doi.org/10.1017/S0376892913000295
https://doi.org/10.1017/S0376892913000295
https://doi.org/10.1016/j.gecco.2015.11.007
https://doi.org/10.1016/j.gecco.2015.11.007
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.agee.2017.12.008
https://doi.org/10.1016/j.geoderma.2016.02.021
https://doi.org/10.1016/j.geoderma.2016.02.021
https://doi.org/10.1016/j.foreco.2020.118236
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1016/j.geoderma.2017.01.002
https://doi.org/10.1016/j.jaridenv.2004.03.025
https://doi.org/10.1016/j.jaridenv.2004.03.025
https://doi.org/10.19044/esj.2018.v14n12p59
https://doi.org/10.1016/j.pce.2017.03.005
https://doi.org/10.19182/bft2014.322.a31237
https://doi.org/10.19182/bft2014.322.a31237
https://doi.org/10.4000/vertigo.13267
https://doi.org/10.4000/vertigo.13267
https://doi.org/10.1016/j.geoderma.2019.01.004
https://doi.org/10.25518/1780-4507.12946


44. Assogba ODI. Performance socio�economique des
syst�emes agroforestiers �a palmier �a huile (Eleais gui-
neensis) dans les zones p�eriurbaines et rurales
d’Universit�e d’Abomey-Calavi (UAC). M�emoire
Master, Fac. des Sci. Agron. Gest. des Ressources
Nat. Biodiversit�e. 2010;80.

45. Koussihou�ed�e H, Clermont-Dauphin C, Aholoukp�e H,
et al. Diversity and socio-economic aspects of oil
palm agroforestry systems on the Allada Plateau,
Southern Benin. Agroforest Syst. 2020;94(1):41–56.
doi:10.1007/s10457-019-00360-0.

46. Akoegninou A, van der Burg W, van der Maesen
LJG. In: Flore Analytique du B�enin (eds. V Adjakidj�e,
JP Essou, B Sinsin, H Y�edomonhan). Backhuys Publ.
Cotonou Wageningen, 50–62. 2006.

47. Akouehou GS, Assogba D, Houndonougbo A, et al.
Diversit�e floristique, s�ecurisation fonci�ere et gestion
des syst�emes agroforestiers �a palmier �a huile (Elaeis
guineensis) en zones p�eriurbaines et rurales du
D�epartement de l’Atlantique au Sud du B�enin. Int J
Bio Chem Sci. 2013;7(3):1180. doi:10.4314/ijbcs.v7i3.
24.

48. Rubel F, Kottek M. Observed and projected climate
shifts 1901-2100 depicted by world maps of the
K€oppen-Geiger climate classification. metz. 2010;
19(2):135–141. doi:10.1127/0941-2948/2010/0430.

49. Assogbadjo AE, Kakaï RG, Edon S, et al. Natural vari-
ation in fruit characteristics, seed germination and
seedling growth of Adansonia digitata L. in Benin.
New For. 2011;41(1):113–125. doi:10.1007/s11056-
010-9214-z.

50. CPCS. Classification des sols.
51. Volkoff B. Notice explicative n�66 (2) de la carte

p�edologique de reconnaissance de la R�epublique
Populaire du B�enin �a 1/200.000 – Feuille d’Abomey
(2).ORSTOM.1976;66(2):1–47.

52. FAO. Evaluation des ressources foresti�eres mon-
diales : Rapport B�enin. Rome. Available from: https://
www.fao.org/3/ca9825fr/ca9825fr.pdf.

53. Savadogo S, Kabore A, Thiombiano A.
Caract�eristiques v�eg�etales, typologie et fonctions
des bois sacr�es au Burkina Faso. Int J Bio Chem Sci.
2017;11(4):1497–1511. doi:10.4314/ijbcs.v11i4.8.

54. Dudley N, Higgins-Zogib L, Mansourian S. The links
between protected areas, faiths, and sacred natural
sites. Conserv Biol. 2009;23(3):568–577. doi:10.1111/
j.1523-1739.2009.01201.x.

55. Tamalene MN, Al Muhdhar MHI, Suarsini E, et al.
The practice of local wisdom of Tobelo Dalam
(Togutil) tribal community in Forest conservation in
Halmahera, Indonesia. Int. J. Plant Res. 2014;4(4A):
1–7.

56. Atindogbe G, Fonton NH, Fandohan B, et al.
Caract�erisation des plantations priv�ees de teck
(Tectona grandis L.f.) du d�epartement de
l’Atlantique au Sud-B�enin. Biotechnol. Agron. Soc.
Environ. 2012;16(4):441–451.

57. Ganglo JC, Lejoly J, Pipar T. Le teck au B�enin:
Gestion et perspectives. BOIS FORETS DES Trop.
1999;261:17–27.

58. Aoudji A, Ad�egbidi A, Ganglo JC, et al. Satisfaction
across urban consumers of smallholder-produced

teak (Tectona grandis Lf) poles in South Benin. For.
Policy Econ. 2011;13(8):642–651. doi:10.1016/j.for-
pol.2011.07.014.

59. Aoudji A, Ad�egbidi A, Agbo V, et al. Functioning of
farm-grown timber value chains: Lessons from the
smallholder-produced teak (Tectona grandis L.f.)
poles value chain in Southern Benin. Policy Econ.
2012;15:98–107. doi:10.1016/j.forpol.2011.10.004.

60. Adje IA, Adjadi E. Diffusion du mat�eriel v�eg�etal
am�elior�e palmier �a huile en milieu villageois: l’ex-
p�erience du B�enin. OCL. 2001;8(5):529–533. doi:10.
1051/ocl.2001.0529.

61. Aholoukp�e H. Mati�ere organique du sol et
d�eveloppement du palmier �a huile sous diff�erents
modes de gestion des feuilles d’�elagage: cas des
palmeraies villageoises du d�epartement du Plateau
au B�enin 2013.

62. Nchanji YK, Nkongho RN, Mala WA, et al. Efficacy of
oil palm intercropping by smallholders. Case study
in South-West Cameroon. Agroforest Syst. 2016;
90(3):509–519. doi:10.1007/s10457-015-9873-z.

63. All�e U, Vissoh P, Guibert H, et al. Changements
Climatiques, Perceptions et Adaptations des
Producteurs sur le Plateau d’Allada au Sud du
B�enin. Eur. J. Sci. Res. 2013;107(4):530–545.

64. Koussihou�ed�e H, Aholoukp�e H, Adjibodou J, et al.
Comparative analysis of nutritional status and
growth of immature oil palm in various intercrop-
ping systems in Southern Benin. Ex Agric. 2020;
56(3):371–386. doi:10.1017/S0014479720000022.

65. Sossa EL, Amadji GL, Vissoh PV, et al. Caract�erisation
des syst�emes de culture d’ananas (Ananas comosus
(L.) Merrill) sur le Plateau d’Allada au Sud-B�enin. Int
J Bio Chem Sci. 2014;8(3):1030–1038. doi:10.4314/
ijbcs.v8i3.17.

66. Salako VK, Glele Kakaï RL, Assogbadjo AE, et al.
Efficiency of inventory plot patterns in quantitative
analysis of vegetation: a case study of tropical
woodland and dense Forest in Benin. South. For.
2013;75(3):137–143. doi:10.2989/20702620.2013.
816232.

67. Thiombiano A, Gl�el�e-Kakai R, Bayen P, et al.
M�ethodes et dispositifs d’inventaires forestiers en
Afrique de l’Ouest : �etat des lieux et propositions
pour une harmonisation. Ann. des Sci. Agron. 2015;
19:15–31.

68. Chave J, Condit R, Aguilar S, et al. Error propagation
and scaling for tropical forest biomass estimates.
Philos Trans R Soc Lond B Biol Sci. 2004;359(1443):
409–420. doi:10.1098/rstb.2003.1425.

69. GFOI. Integrating remote-sensing and ground-based
observations for estimation of emissions and remov-
als of greenhouse gases in forests. Geneva,
Switzerland: Group on Earth. 2013.

70. Aholoukp�e H, Dubos B, Deleporte P, et al. Allometric
equations for estimating oil palm stem biomass in
the ecological context of Benin, West Africa. Trees –
Struct. Funct. 2018;32(6):1669–1680. doi:10.1007/
s00468-018-1742-8.

71. Guendehou GHS, Aleksi L. Guidance for tree meas-
urement in tropical Forest ecosystem using non-

CARBON MANAGEMENT 263

https://doi.org/10.1007/s10457-019-00360-0
https://doi.org/10.4314/ijbcs.v7i3.24
https://doi.org/10.4314/ijbcs.v7i3.24
https://doi.org/10.1127/0941-2948/2010/0430
https://doi.org/10.1007/s11056-010-9214-z
https://doi.org/10.1007/s11056-010-9214-z
https://www.fao.org/3/ca9825fr/ca9825fr.pdf
https://www.fao.org/3/ca9825fr/ca9825fr.pdf
https://doi.org/10.4314/ijbcs.v11i4.8
https://doi.org/10.1111/j.1523-1739.2009.01201.x
https://doi.org/10.1111/j.1523-1739.2009.01201.x
https://doi.org/10.1016/j.forpol.2011.07.014
https://doi.org/10.1016/j.forpol.2011.07.014
https://doi.org/10.1016/j.forpol.2011.10.004
https://doi.org/10.1051/ocl.2001.0529
https://doi.org/10.1051/ocl.2001.0529
https://doi.org/10.1007/s10457-015-9873-z
https://doi.org/10.1017/S0014479720000022
https://doi.org/10.4314/ijbcs.v8i3.17
https://doi.org/10.4314/ijbcs.v8i3.17
https://doi.org/10.2989/20702620.2013.816232
https://doi.org/10.2989/20702620.2013.816232
https://doi.org/10.1098/rstb.2003.1425
https://doi.org/10.1007/s00468-018-1742-8
https://doi.org/10.1007/s00468-018-1742-8


destructive sampling to develop stem biomass and
volume models. 2014.

72. IPCC. 2019 Refinement to the 2006 IPCC Guidelines
for National Greenhouse Gas Inventories.

73. Dewi S, Khasanah N, Rahayu S, et al. Carbon foot-
print of indonesian palm oil production: a pilot
study. World Agrofor. Cent. – ICRAF, SEA Reg. Off.
2009;8. Available from: http://www.worldagrofores-
trycentre.org/sea/th/publication?do=dl&pub_id=
2444&file=http://www.worldagroforestry.org/sea/
Publications/files/poster/PO0236-10.PDF&first_last=
ok.

74. Aholoukp�e H, Dubos B, Flori A, et al. Estimating
aboveground biomass of oil palm: Allometric equa-
tions for estimating frond biomass. For. Ecol.
Manage. 2013;292(2013):122–129. doi:10.1016/j.
foreco.2012.11.027.

75. Aholoukp�e H, Dubos B, Deleporte P, et al.
Correction to: Allometric equations for estimating
oil palm stem biomass in the ecological context of
Benin, West Africa (Trees, (2018), 32, 6, (1669-1680),
10.1007/s00468-018-1742-8). Trees – Struct. Funct.
2019;33(1):315–315. doi:10.1007/s00468-018-1791-z.

76. Mokany K, Raison RJ, Prokushkin AS. Critical analysis
of root: shoot ratios in terrestrial biomes. Glob.
Chang. Biol. 2006;12(1):84–96. doi:10.1111/j.1365-
2486.2005.001043.x.

77. FAO. Evaluation des ressources foresti�eres mon-
diales rapport principal. FAO, Rome, 2010.

78. UNFCCC. A/R methodological tool: Estimation of car-
bon stocks and change in carbon stocks in dead
wood and litter in a/R CDM project activities Version
03.0. UNFCC,Germany. 2013.https://cdm.unfccc.int/
methodologies/ARmethodologies/tools/ar-am-tool-
12-v3.0.pdf (accessed March 2021)

79. Blake GR, Hartge KH. Bulk density. In: Klute A, editor.
Methods of soil analysis. Part 1. Agron. Monogr. 9.
Madison (WI): ASA SSSA, 1986; p. 363–375.

80. Miller RO, Kissel DE. Comparison of Soil pH Methods
on Soils of North America. Soil Sci Soc Am J. 2010;
74(1):310–316. doi:10.2136/sssaj2008.0047.

81. Frank K, Beegle D, Denning J. Phosphorus. In: Brown
JR, editor. Recommended chemical soil test proce-
dures for the North Central region. North Central
Regional Publication 221 (revised). Publication SB
1001. Missouri Exp. Stn., Columbia, 1998; p. 21–29.

82. Gee GW, Bauder JW. Particle-size analysis. In: Klute
A, editor. Methods of soil analysis : Part 1. physical
and mineralogical methods. Madison (WI), Soil
Science Society of America. 1986; 383–411.

83. Goussanou CA, Guendehou S, Assogbadjo AE, et al.
Specific and generic stem biomass and volume
models of tree species in a West African tropical
semi-deciduous Forest. Silva Fenn. 2016;50(2):1–22.
doi:10.14214/sf.1474.

84. Guendehou G, Lehtonen A, Moudachirou M, et al.
Stem biomass and volume models of selected trop-
ical tree species in West Africa Stem biomass and
volume models of selected tropical tree species in.
South. For. 2012;74(August 2013):37–41.

85. Kora SH, Guendehou GS, Goussanou CA, et al.
Allometric equations from a non-destructive

approach for biomass prediction in natural Forest
and plantation in West Africa. South. For. 2019;81(2):
111–122. doi:10.2989/20702620.2018.1512795.

86. IPCC. Good practice guidance for land use, land-use
change and forestry. Hayama, Japan. 2003

87. IPCC. 2006 IPCC guidelines for national greenhouse
gas inventories, prepared by the national green-
house gas inventories programme. Eggleston H.S.,
Buendia L., Miwa K., Ngara T. and Tanabe K. (eds).
IGES. Japan, 2006.

88. Ouedraogo WO, Gomgnimbou APK, Santi S, et al.
Quantification de la Biomasse et stockage du car-
bone du massif forestier de l’Ecole Nationale des
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