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Abstract

Aims: Land cover change in inselbergs and adjacent areas was studied from 2003 to 2018 in a region facing anthropo-
genic pressures to assess dynamics and preserve rare endemic species. Study area: Inselbergs and their adjacent areas in
the Sudano-Guinean zone of Benin are included in this study. Methods: Land cover classes of inselbergs and adjacent
areas were obtained through supervised classification of Sentinel-2 (2018) and Spot 5 (2003) satellite images. A Chi-
square test was used to compare protected and unprotected LULC classes of inselbergs, with 10 m spatial resolution.
Results: The results showed that forest and woodland decreased respectively from 8.55% to 3.05% and from 17.63% to
4.79% between 2003 and 2018 while tree and shrub savanna, and grassland increased respectively from 6.52% to 9.49%
and from 7.60% to 16.69%. Field and fallow increased from 5.57% in 2003 to 26.12% in 2018 and tree plantation from
6.05% to 13.47%. The analysis of spatial comparisons using the chi-square test showed that the presence of inselbergs
in a protected area has no significant effect on their land use. Conclusions: Natural vegetation in inselbergs and adjacent
areas is being converted into human-made landscapes by farmers. An urgent conservation plan is needed, including
awareness campaigns, tree planting, and sustainable forest management.

Taxonomic reference: Akoégninou et al. (2006).

Abbreviations: DEM = Digital Elevation Model; GCP = Ground Control Point; LULC = Land Use/Land Cover;
ROI = Region of Interest; SRTM = Satellite imagery data, Shuttle radar topography mission.
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Spot 5

Introduction

Terrestrial ecosystems are essential for human well-being
and global survival because they provide a variety of eco-
system services, including food production, air and water
purification, climate regulation, crop pollination and biodi-
versity preservation (Reid et al. 2005). Despite their impor-

tance, these ecosystems are facing multiple threats, such as
deforestation, urbanization, pollution, overexploitation of
natural resources, climate change, and the introduction of
invasive species (Ceballos et al. 2015; Lovejoy and Hannah
2019). These threats have a negative impact, leading to
biodiversity loss, land degradation, decreased air and wa-
ter quality and increased natural risks such as flooding and
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landslides. In light of this situation, urgent action is need-
ed to protect these vital ecosystems for our future and to
find sustainable solutions to restore and maintain them in
a healthy state. And the best way to achieve this is to pre-
serve examples of each type of ecosystem ( de Souza 1987;
Adomou et al. 2006; Akoegninou et al. 2006). Among these
ecosystems, we have the inselbergs and their adjacent areas.

In 1900, the German geologist Bomhardt introduced
the term ‘inselberg’ to describe granitic or gneissic rocky
outcrops that rise above the peneplain of tropical and sub-
tropical regions (Parmentier et al. 2001; Kouassi et al. 2014;
Tindano et al. 2015). These ecosystems differ greatly from
the surrounding matrix, having unique edaphic-climatic
characteristics that select for specialized vegetation with
high endemicity (Porembski and Barthlott 2000; Porembski
2007; de Paula et al. 2020). They promote the occurrence of
high numbers of geographically restricted, specialized and
threatened species (Porembski et al. 2016) and influence
the water and nutrient supplies of surrounding landscapes
(Schut et al. 2014). Despite their importance, these geologi-
cal landforms rank among the most poorly surveyed ecosys-
tems in the world (Larson et al. 2000) and are still neglected.

However, over the past two decades, there has been
increasing interest in inselberg ecosystems worldwide
(Porembski et al. 2016). This revealed that many inselbergs
are threatened by alarming rates of mining, weed invasion
(de Paula et al. 2015), water harvesting, tourism and urbani-
zation, resulting in biodiversity loss and degradation of their
ecosystem services (Buckman et al. 2021). Unfortunately,
there are no reliable estimates on global rates of inselberg
destruction, which is urgently needed to promulgate effec-
tive conservation strategies (Porembski et al. 2016).

To effectively address the issue of inselberg destruc-
tion, it is crucial for each country to collect and share
information on the status of inselbergs within their own
territory. Without reliable data, it is difficult to develop
targeted conservation strategies or to monitor progress in
protecting these unique habitats. Therefore, it is incum-
bent upon each country to take responsibility for assessing
the condition of their inselbergs. Unfortunately, in Benin,
the inselbergs are mainly located in the Sudanian and Su-
dano-Guinean zones (Sinsin and Kampmann 2010) and
are subject to a strong degradation of the vegetation cover
(Oloukoi et al. 2006; Agbanou et al. 2018). However, de-
spite a relatively large body of literature that describes the
flora of Benin’s inselbergs (Oumorou and Lejoly 2003a,
2003b; Yedomonhan et al. 2008), their ecological dynam-
ics are not well understood. Especially as these studies
have shown the importance of inselbergs in the conserva-
tion of threatened species such as: Afzelia africana, Albizia
ferruginea, Pterocarpus erinaceus, Vitellaria paradoxa.

Monitoring the change of land use over time around in-
selbergs is, therefore, a very important way to effectively as-
sess the trends of the dynamics. To this end, the diachronic
analysis of land use that allows the showing of the spatial dis-
tribution of land use changes is the best way to achieve this.

However, the presence of protected areas such as the
classified forests of Dassa-Zounmé and Savalou that con-

tain parts of the inselbergs, offer an opportunity to preserve
the inselbergs from human disturbance. Indeed, protected
areas are created so that they can play an essential role in
protecting representative samples of living organisms, re-
markable geological phenomena or particular landscapes
in terrestrial and marine environments from disappear-
ing. Evidence from remote sensing suggests that protected
areas slow down the rate of change from ‘natural’ to ‘hu-
man-modified’ land cover (Joppa and Pfaff 2011) and suc-
cessfully help retain existing forests (Geldmann et al. 2013).

The aim of this study is to analyze the land use/land
cover change of inselbergs and their adjacent areas located
in the Sudano-Guinean zone of Benin between 2003 and
2018, and to assess the effectiveness of protected areas in
preserving inselbergs. In addition, the study seeks to test
the hypothesis that natural vegetation has been replaced
by anthropogenic landscape features and that inselbergs
located in protected areas are under less pressure com-
pared to those outside protected areas.

Study area

The inselbergs and their adjacent areas within the depart-
ment of “Collines”, one of the twelve administrative subdi-
visions located in the central part of Benin, were considered
for this research. The Collines department is located be-
tween 7°27’ and 8°46’ North latitude and between 1°39 ‘and
2°44’ East longitude. It covers an area of 13,931 km” or more
than 12% of the national territory (Oloukoi et al. 2006; IN-
SAE 2016) (Figure 1). Three large geological units dominate
the study area. These are migmatite gneisses, sandstones
and siltstones, biotite and amphibole eye gneisses (Olou-
koi et al. 2006). There are a series of steep-sided inselbergs,
notably those of Save, Fita, Dassa-Zoume and Minifi. The
highest points of the relief are located at 465 m a.s.l. on the
Dassa-Zoume granite chain, at 520 m a.s.l. on the Savalou
hill, and at about 400 m a.s.l. on the Save hill (Okioh 1972;
Dubroeucq 1977). For this study, we have focused on these
three municipalities. The main activity carried out by the
population on inselbergs is quarrying to obtain gravel. Log-
ging, manufacturing and commercializing of charcoal, and
hunting are also other activities practiced on inselbergs.
The soils are tropical ferruginous type on a crystalline base
with highly variable characteristics (clay-sandy, gravelly)
(Oloukoi et al. 2006). The Collines department is a tran-
sition region between subequatorial climate and tropical
climates (Bokonon Ganta 1987; Boko 1988; Afouda 1990).
This means that they have a rainfall regime that straddles
the bimodal distribution in the south and the unimodal
distribution in the north. The total number of rainy days
in the year varies between 80 and 110. Annual rainfall var-
ies between 800 mm and 1,500 mm and the mean annu-
al temperature ranges from 28 to 30 °C (ASECNA 2018).
There are essentially four forests reserves (Ouémé-Boukou,
Dassa-Zoume, Savalou and Logozohe). The natural vegeta-
tion is characterized by five types of vegetation: dry forest,
woodland, tree savanna, fallow, and meadow.
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Figure 1. Map of study area. The upper-left map displays the country, with the Collines department highlighted in
green to indicate its location. The intermediate map focuses on the Collines department and highlights in white the
three municipalities that were studied within this department. The Study Area map provides a closer look at these

three municipalities, illustrating their inselbergs, protected areas, and GCPs. GCPs = Ground Control Points.

Methods

Data collection

This work used three datasets: satellite imagery data, Shut-
tle radar topography mission (SRTM), digital elevation
model (DEM), and ground control points (GCPs).

To monitor LULC changes in inselbergs, four Sentinel-2
MSI (multi-spectral instrument, Level-1C) satellite imag-
es with 10 m spatial resolution from 4 Jan 2018 covering
the study area, were used. Indeed, studies conducted by
Pelletier (2017) have shown that the high temporal reso-
lution of Sentinel-2 data is an asset for characterizing land
occupations that evolve over time. The Sentinel-2 Lev-
el-1C images have the following radiometric and geomet-
ric characteristics: top-of-the-atmosphere reflectance; or-
thorectified; spatial resolution of 10 m after resampling;
and fixed cartographic geometry (ESA 2015; Delalay et
al. 2019). Another unique aspect of the Sentinel-2 data is
the presence of three red edge bands, which capture the
strong reflectance of vegetation in the infrared near-infra-
red portion of the electromagnetic spectrum (Abdi 2020).
In contrast, Spot 5 images with the same resolution (10
m) acquired on 27 Dec 2003 were used for 2003 vegeta-
tion study. The Spot 5 images were obtained through the

“Observation Spatiale des Foréts dAfrique Centrale et de
POuest” (OSFACO) project (Djaouga et al. 2021).

Shuttle radar topography mission (SRTM) digital el-
evation model (DEM) with a resolution of 1 arc-second
(approximately 30 m) was used to extract the elevation
and slope bands.

A dataset of 110 GCPs was constructed to train the clas-
sification algorithms applied to the Sentinel-2 data. Each
GCP contains latitude, longitude, and the corresponding
observed LULC type (Suppl. material 1). The GCPs were
recorded during the 2019 field visit with a Garmin eTrex
10 GPS.

Data processing

Land-Use and Land-Cover Classification

The digital interpretation of satellite images used the su-
pervised classification method with Envi4.7 software
(Exelis Visual Information Solutions, Boulder, Colora-
do). Three bands (Near-infrared (NIR), Red, Green) of
multispectral Sentinel-2B and Spot 5 satellite images
with a spatial resolution of 10 m were used for the land-
use mapping. After choosing our 10 m resolution band,
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layer stacking was done by combining three bands into
one multispectral image. Then ROIs (Regions of Interest)
were created by selecting portions of the images graph-
ically or by thresholding. The regions can be irregular-
ly-shaped and were used to extract statistics for classifica-
tion (Saharan et al. 2018). The training areas were defined
to the nearest pixel on all land use units. Once ROIs were
created, the maximum likelihood function was used. The
spectral characteristics of the LULC classes obtained from
the 2018 Sentinel-2 images were used as training areas
for the supervised classification of the 2003 Spot 5 imag-
es (Mas 2000; Toyi et al. 2013; Arouna et al. 2016). GCPs
were used to compare the digital interpretation of images
with the field data.

Following the work of Oumorou (2003) four classes
were defined: forest, wooded savanna, tree and shrub sa-
vanna, and grassland. We added: tree plantations, field
and fallow, water surface, bare rock, and settlement. The
Kappa coefficient, which is the measure of agreement be-
tween the classification results and the validation train-
ing samples, was used to evaluate the quality of LULC
(Barima et al. 2010; Rawat and Kumar 2015; Yadav and
Borana 2017).

Delimitation of inselbergs and their adjacent areas

The SRTM image for the communes of Dassa, Save, and
Savalou was analyzed using ArcGIS 10.4 software. The im-
age was divided into two classes based on elevation. The
first class took into account the elevations between 16 and
180 m a.s.l. and the second class, the elevations between
180 and 550 m a.s.l. This was done because the lowest ele-
vation of the inselbergs (a type of rocky hill) was found to
be 180 meters during field verification.

The slope of the inselbergs is connected to them by
a concave zone whose slopes can exceed 10%, accord-
ing to studies conducted by Poss (1976). The slope tool
of ‘Arctoolbox’ was used on the SRTM image in ArcGIS
10.4 to visualize the slopes of the study area. The im-
age previously delineated with the altitudes between 180
and 550 m a.s.l. had therefore undergone a second clas-
sification to identify the areas of slope greater than or
equal to 10%.

Using these two characteristics (elevation and slope),
the inselbergs and their adjacent area were identified and
then digitalized. The shapefile of the inselbergs including
their adjacent areas was created, where the adjacent are-
as refer to the immediate surroundings of the inselbergs,
which are essentially the plains according to the definition
of inselbergs (Oumorou 2003)

Land-use and Land cover change analysis

Mapping restitution. The images previously classified us-
ing Envi 4.7 software were sent to ArcGIS 10.4. These
images had been clipped with the shapefile of inselbergs
previously delimited to highlight the different classes of
land use of inselbergs. The cartographic restitution was

made with ArcGIS 10.4. The same land use classes were
observed in both years (2003 and 2018) (Arouna et al.
2016). Inselbergs LULC maps are presented by municipal-
ity and by study year to allow for better observation due to
the small area of inselbergs in the study area. Indeed, the
small proportion represented by inselbergs in the over-
all study area and the isolation of the different inselbergs
blocks did not allow for a good appreciation of the dif-
ferent LULC. Transition matrix. The transition matrix is a
table consisting of X rows and Y columns. The number of
rows (X) in the matrix indicates the number of land-use
units in 2003 (year t0) and the number of columns (Y)
indicates the number of land-use units in 2018 (year t1).
In the context of this study, we have a symmetric matrix.
Therefore, the number of rows is the same as the number
of columns. The transformations will be observed from
rows to columns. The diagonal of the matrix corresponds
to the areas of land use units that remained unchanged
between 2003 and 2018. Land use unit areas were calcu-
lated as the intersection of the 2003 and 2018 land-use
layers using ArcGIS 10.4.1 software (Arouna et al. 2016;
Rakotondrasoa et al. 2017).

Quantification of the anthropization of inselbergs

The anthropization of inselbergs was quantified using two
indices: The dominance and the fragmentation index.

Dominance index (Dj) indicates the proportion of area
taken up by the largest patch of class j (amax,j) in the total
area aj (Bogaert et al. 2002; Bamba et al. 2008; Toyi et al.
2013). It is in the interval ]0, 100]. The higher the value of
the index, the less fragmented the class is

1ooamax,j

a;

The fragmentation index (Fj) measures the aggregation
of pixels into classes and is considered as a measure of
image complexity (Bogaert et al. 2002; Toyi et al. 2013).
Fj is in the interval ]0, 1]. If Fj is around 0 then the class
is less fragmented and if Fj is around 1 then the class is
more fragmented.

Dj=

n/-—1

Fj=
7= m ;=1
nj represents the total number of patches for class j; mj is
usually in a raster file the number of pixels (Monmonier
1974; Toyi et al. 2013).

Assessing the effects of protected areas on inselberg land
use/land cover

Inselbergs were classified as protected if their geographic
coordinates fell within the boundaries of protected areas
in the study area (Figure 1). To analyze land use and land
cover (LULC) changes over time within protected and un-
protected inselbergs, we used the ‘Erase’ tool in the ArcGIS
toolbox on shapefiles containing inselberg LULC data
from 2003 and 2018. The ‘Erase’ tool created two datasets:
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one that included inselbergs inside protected forests and
another that included inselbergs outside protected forests.
We then used R software (R Core Team 2022) to perform
the Chi-square test to compare the proportions of differ-
ent LULC classes for protected and unprotected inselbergs
in the years 2003 and 2018. The purpose of the Chi-square
test was to identify any significant differences between the
two groups of inselbergs.

Results
Inselbergs land use/land cover

The overall accuracy is 84.734% for 2003 and 83.599%
for 2018 and the Kappa coefficients for the year 2003 and
year 2018 maps were 0.823 and 0.784 respectively. The
LULC Classifications results for 2003 and 2018 are illus-
trated in Table 1. The information extracted from satellite
images reveals nine classes of LULC on the inselbergs:
forest, wooded savanna, tree and shrub savanna, grass-
land, tree plantation, fields and fallow, water surface, bare
rock, settlement (Figures 2-7). For each of the municipal-
ities, there was a predominance of bare rock and natural
formations (forest, wooded savanna and tree and shrub
savanna) in 2003. But in 2018 the area of these classes had
decreased in favor of fields and fallows and tree planta-
tions. The area covered by settlements had increased sig-
nificantly in the municipality of Save, in contrast to the

200
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Table 1. Land use/land cover classes area (km?) and per-
centage (%).

Land cover classes Years
2003 2018

km? % km? %
Forest 464.58 3.69 187.46 1.49
Wooded savanna  2230.21 17.73 319.70 2.54
Tree and shrub 365.03 2.90 677.45 5.38
savanna
Grassland 663.58 5.27  2225.20 17.69
Tree plantation 957.48 7.61 1358.01 10.79
Field and fallow 652.20 5.18 4719.72 37.51
Water surface 712 0.06 14.52 0.12
Bare rock 6349.60 50.47 2795.59 22.22
Settlement 892.04 7.09 28418 2.26
Total 12581.84 100.00 12581.84 100.00

municipalities of Dassa and Savalou, where a decrease
was more noticeable.

Inselbergs land use/land cover change

The land-use changes of the inselbergs are illustrated by
the transition matrix (Table 2). It shows that there were
three main processes from 2003 to 2018 on the LULCs:
Stability (the data along the diagonal), progression (the
data on top of the diagonal), and regression (the data on
the bottom of the diagonal).
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Figure 2. Land use map of the Dassa-Zoume inselbergs in 2003 (Spot5 image).
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Figure 3. Land use map of the Dassa-Zoume inselbergs in 2018 (Sentinel-2 image).

1°40'30"E 1°44'0"E 1°47'30"E

1°67'0"E 2°0'40"E 2°4'5"E 2°7'45"E

T N T T N T N O N A i
N 4 L
£ s Z z pd
o y \ e H 5
@ W EF& o Lo
N N/ | o DY DN
o S © c )
. L Z z
£ z o | %
) ) & o
o L™ N~ N~
~ ~ B -
F F £ z
N~ N~ o o
1 | 31 -3
z z 2]4¢5 B
o o z| z
o} | ® £ ‘6 £
o N e e
o o
2 £ % . 5
~1 R~ % -«‘7 R~
1., 2 i z z
z | z o =]
ra I © I~ ©
o o
I | ® N N
~ ~ N~ N~
N ¥ ' -
~ ~ r< d Z
o it o
J L 4 0 L2
i N 1 N
z 3% z R 1 R
o A 41 & -
0 L 4 9 =z
N N Z L. =
N N o1 '8 L2
N~ N~ Ie) : ™
| L ~ L ~
= g i z
=) o | ] | ©
815 25 0 5km | 316 8 0 6Km [
« | I ~ | e —— ~
?\ rrrrrriurt

rrrrrrrerrtT
1°40'30"E 1°44'0"E 1°47'30"E

West zone savalou (a)

s
2°0'40"E 2°4'5"E 2°7'45"

East zone Savalou (b)

4 | Settlement

I Water surface

B Forest

[ Tree and shrub savanna
I Wooded savanna

[ ] Grassland

[ Bare rock

I Tree plantation

[ Field and fallow

m

Figure 4. Land use map of the inselbergs of the west zone (a) and the east zone of Savalou (b) in 2003 (Spot5 image).



== Vegetation Classification and Survey 195
N
1°40'30"E  1°43'45"E  1°47'0"E PR i a & ]
1 1 1 ke
P N T T T T N 4 x;' - Settlement
z N z z z i Forest
- 'E z z| ., |mm
2 i - 2 S8 - [ Tree and shrub savanna
©11 XL % o @ I Wooded savanna
S
. - > [ Grassland
z|* z £ £
g g 2] 2 [ Bare rock
® E) 8 8 [ Tree plantation
° o N~ ~ .
~ ~ [ ] Field and fallow
pz4 p4
z z o 5 o
w0 [to] b L=
51 6 A
R~ ~ ~ ~ lg
z z X
z z © o :
o o o F o :
512 S ¢ e =
| e R~ ~ ™~ _
p4 p4
z z 2 § 2 "
P b 2 8 B 8|
w | L0 < =
:Q 3 2 R~ ~
~ ~
r;f z z
3 | |3 87 B
¥ 5 ~ ~
~ R~
0 2 4 8 12 0:_3’5 U 14Km
- e Km T T T
1°56'30"E 2°0'0"E 2°3'30"E

T T T T T T T T
1°40'30"E 1°43'45"E 1°47'0"E

West zone Savalou (a)

East zone Savalou (b)

Figure 5. Land use map of the inselbergs of the west zone (a) and the east zone of Savalou (b) in 2018 (Sentinel-2 image).

2°40'40"E 2°41"12"E 2°41'44"E 2°42'16"E 2°42'48"E 2°43'20"E
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

T

T

0 1Km

8°13'30"N  8°14'0"N 8°14'30"N 8°15'0"N

2°28'0"E 2°29'0"E 2°30'0"E 2°31'0"E

=z 1 1 1 ! P4

o | lo Z

© o

© © 07
o
z .

z z 3

= Lo 7]

o o 5

© o © |
z

T B o

<

£ z &

o Lo .

3 Iz

© © 5
0

- L 2

o

Z Z z

o o =

o o 94

) © >
)

z z

=3 =}

™ B

@ o

z z

o Lo

% 105 0 1 2 3 Km %

N .
1 1 T T
2°28'0"E 2°29'0"E 2°30'0"E 2°31'0"E

Centrale zone of Save (a)

1 l 1 1 Ll Ll 1 |l 1 \ |l |l Ll l 1 1 Ll T |l |l Ll \ |
- 2°40'40"E  2°41"12"E 2°41'44"E 2°42'16"E 2°42'48"E 2°43'20"E

Septemtrial zone of Save (b)

B settlement

I Water surface

B Forest

[ Tree and shrub savanna
I Wooded savanna

[ ] Grassland

[ Bare rock

[ Tree plantation

[ Field and fallow

Figure 6. Land use map of the inselbergs of the central zone (a) and the northern zone of Save (b) in 2003 (Spot5 image).
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(Sentinel-2 image).

Table 2. Inselberg land-use transition matrix in % between 2003 and 2018. Br = Bare rock; W = Water surface; Se =
Settlement; Ff = Field and fallow; Tp = Tree plantation; Gr = Grassland; Ts = Tree and shrub savanna; Ws = Wooded

savanna; Fo = Forest.

2003/ 2018 Br W Se Ff Tp Gr Ts Ws Fo Total 2003
Br 11.99 0.21 0.75 10.29 4.37 8.61 445 1.46 0.89 43.01
w 0.04 0.00 0.00 0.04 0.01 0.04 0.01 0.00 0.00 0.14
Se 1.70 0.01 0.25 116 0.15 1.33 0.27 0.03 0.03 493
Ff 1.24 0.03 0.07 1.80 112 0.57 0.19 0.08 0.48 5.57
Tp 1.51 0.02 0.55 1.49 0.69 1.26 0.16 0.02 0.35 6.05
Gr 195 0.04 0.09 2.00 0.77 1.63 0.84 0.24 0.02 7.60
Ts 1.31 0.02 0.02 175 0.90 1.02 0.96 0.46 0.07 6.52
Ws 2.92 0.21 0.02 4.83 3.48 1.71 193 178 0.76 17.63
Fo 134 0.09 0.02 2.75 1.99 0.52 0.69 0.70 0.46 8.55
Total 2018 24.01 0.62 176 26.12 13.47 16.69 9.49 4.79 3.05 100.00

Anthropization of inselbergs

Table 3 presents the anthropization indices of the different
LULC classes of inselbergs in 2003 and 2018. The Domi-
nance index (Dj) increases between 2003 and 2018 for the
field and fallow, grassy savanna, tree and shrub savanna
and forest classes in contrast to the bare rock, settlement,
tree plantation, and wooded savanna classes. The frag-
mentation index (Fj) increases for all LULC classes be-
tween 2003 and 2018 except for the plantation class where
it decreases and the field and fallow class where it did not
change. However, it is higher for the natural cover classes:
water, dense dry forest, open forest and wooded savanna,
and tree and shrub savanna.

Effects of protected areas on inselberg land
use/land cover

The percentage of different LULC on protected and un-
protected inselbergs in 2003 and 2018 can be seen in
Figure 8. In 2003, natural vegetation was almost equally
present on both protected and unprotected inselbergs.
However, settlements were more prevalent on protected
inselbergs, while tree plantations stood out on unprotect-
ed inselbergs. In 2018, an expansion of fields and fallow
land was observed on both categories of inselbergs, with a
decrease in settlements and bare rocks, and an increase in
grassland. On protected inselbergs, a significant increase
in tree plantations was noticed. Finally, tree and shrub sa-
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Table 3. Anthropization indices for 2003 and 2018 inselberg land use classes. Br = Bare rock; W = Water surface; Se
= Settlement; Ff = Field and fallow; Tp = Tree plantation; Gr = Grassland; Ts = Tree and shrub savanna; Ws = Wooded

savanna; Fo = Forest.

LULC Br w Se Ff Tp Gr Ts Ws Fo
(Year 2003)
Dj ,005(%) 4.76 0.01 3.71 0.22 1.59 0.22 0.04 5.41 0.04
Firoos 0.02 0.16 0.04 0.06 0.97 0.05 0.15 0.03 018
(Year 2018)

Dj ,015(%) 3.52 0.01 0.29 5.50 1.23 3.71 0.55 0.22 0.07

Floors 012 0.58 0.09 0.06 011 011 0.20 019 0.23
100% over time using remote sensing data, it is essential to use

= | — . .
oo . . data from the same type of sensor, ideally acquired around
mE the same date, to minimize the influence of external fac-
o — sws  tors that could affect the accuracy of the analysis, such as
0% - - ” variations in sun angle, seasonal changes, and differences
60% . . - in vegetation growth stages (Lu et al. 2004). The Sentinel 2
50% - . image archives were not available for the year 2003, there-
A% H fore the use of Spot 5 imagery for the year 2003 was a nec-
. essary alternative. The differences in sensor characteristics
— g with regard to spatial, spectral, and radiometric resolution
i B " may pose challenges in interpreting our results. However,
1 a the use of Sentinel 2 and Spot 5 imagery to assess land cov-
0% o er changes has already been implemented in several studies
2003 Unplns 2003 Prins 2018 Unplins 2018 Prins

Figure 8. Land use land cover proportion of protected
and unprotected inselbergs in 2003 and 2018. 2003 Un-
plns = 2003 unprotected inselberg (Inselbergs outside
protected areas), 2003 Prins = 2003 protected inselberg
(Inselbergs inside protected areas), 20018 Unplns = 2018
unprotected inselberg (Inselbergs outside protected ar-
eas), 2018 Prins = 2018 protected inselberg (Inselbergs
inside protected areas), Br = Bare rock; W = Water sur-
face; Se = Settlement; Ff = Field and fallow; Tp = Tree
plantation; Gr = Grassland; Ts = Tree and shrub savanna;
Ws = Wooded savanna; Fo = Forest.

vanna showed better growth on protected inselbergs than
on unprotected inselbergs.

The analysis of spatial comparisons using the chi-square
test showed however, that there was no statistically sig-
nificant difference in inselberg LULC between protected
and unprotected areas in both 2003 and 2018 (x2=12.637,
df=8, p=0.125; x2=4.204, df=8, p=0.8383).

Discussion

Open access geospatial data have already been used for
the analysis of land use and land cover changes (LULC)
of inselbergs (Kidane et al. 2012; Hailemariam et al. 2016;
Shawky et al. 2020). Landsat imagery (30m resolution) has
been subject to classification in these studies. In the pres-
ent study, as inselbergs are complex three-dimensional
(3D) ecosystems with several spatial microhabitats (Aris-
tizabal-Botero et al. 2020), we opted to use high-resolution
Sentinel 2 images (10 m), the highest amongst freely availa-
ble satellite products (Abdi 2020). When analyzing changes

(Deng et al. 2019; Furberg et al. 2019; Ljusa et al. 2021).
Given these research findings, land-cover maps from both
Spot 5 and Sentinel 2 data at different points in time, in
order to make spatio-temporal comparisons and evaluate
environmental impact, is considered a reliable method.
The land use classes observed on the inselbergs and
their adjacent areas in the Sudano-Guinean zone of Be-
nin are the same as those observed in the Bale Mountain
Eco-Region of Ethiopia (Kidane et al. 2012; Hailemariam
et al. 2016). This is indicative of several spatial microhab-
itats in this ecosystem. However, between 2003 and 2018,
an increase in fields and fallows over the natural vegeta-
tion land cover was observed. This is similar to the chang-
ing trends in vegetation cover in the Collines department
that is the subject of our study (Oloukoi et al. 2006).
Many studies conducted by researchers in the context of
landscape dynamics in different landscapes of Benin have
revealed the same trend (Tchibozo and Domingo 2014;
Avakoudjo et al. 2014; Arouna et al. 2016). This regres-
sion is associated with the practice of slash-and-burn ag-
riculture, logging for charcoal production, and the rising
population in the zone (Oloukoi et al. 2006; Brink and
Eva 2009; Barima et al. 2010). Also, the rapid population
growth (greater than 3% per year) (Bidou et al. 2019),
impacts fallow periods that are not long enough to allow
adequate reconstitution of soil fertility and restoration of
land productivity (Goma Boumba and Samba-Kimbata
2019). This reduces the availability of farmland and may
justify the conversion of natural land use to fields and fal-
low. But, inselbergs have long been considered unsuitable
for agriculture (Porembski et al. 2016), and thus escape
its impacts because of their low agronomic value (Ou-
morou 2003). Despite this, the same regressive trend of
forest land cover to fields and fallows has already been



198

Ranmi Elsa Denise Ayeko: Inselbergs and their adjacent areas Land Use/Land Cover change in Benin

observed in the mountainous formations of Bale Eco-Re-
gion of Ethiopia (Kidane et al. 2012; Hailemariam et al.
2016; Shawky et al. 2020). The investigations conducted
in the field revealed that the acquisition of agricultural
land on the inselbergs is adopted by farmers in the Col-
lines department to resolve the problem of transhumance.
Transhumance is the seasonal movement of people and
their livestock between different pastures or grazing lands
in search of better foraging and water resources ((Sossou
et al. 2016). In the Collines department, transhumance is
quite recurrent and leads to deadly and bloody conflicts
between these herders and farmers (Sossou et al. 2016).
Thus, the limited movement of animals due to the altitude
and high slopes of the inselbergs, reduces the impact of
farmer-herder conflicts which are common in the region.

Aside from human activities, the global temperature
increase caused by climate change has a significant impact
on the vegetation of inselbergs. According to Dobrowski
et al. (2013), climate change has led to changes in tem-
perature and precipitation patterns, affecting ecosystems
across the globe. One of the most important impacts of
climate change on inselberg vegetation is the modification
of water availability. Inselbergs are often located in arid
and semi-arid regions (Gomes and Alves 2010) where wa-
ter is scarce, and any decrease in the amount of available
water has serious consequences for their vegetation. Stud-
ies have shown that a decrease precipitation in arid areas
has led to a reduction in vegetation density. Furthermore,
as the global temperature continues to rise, evapotran-
spiration is also increasing, that can further reduce water
availability for plants (Barthlott et al. 2007). Myers et al.
(2000) identified inselbergs as one of the biodiversity hot-
spots that are particularly vulnerable to climate change.

In addition, climate change can also increase the fre-
quency and intensity of forest fires on inselbergs, which
can have serious consequences on its vegetation. Indeed,
every year, all the vegetation on inselbergs is consumed by
dry season vegetation fires (Oumorou 2003). The increase
in the frequency of vegetation fires can also lead to the
conversion of some land use classes from dense natural
vegetation to less dense natural vegetation.

In addition to the decline in natural vegetation land
cover classes, inselbergs and their adjacent areas have also
been subject to increases in anthropogenic land cover
classes, which are reflected in an increase in the class of
bare rock to grassland and fields and fallow land. Indeed,
the water that flows over the inselbergs is a source of rock
alteration that favors colonization by grassy vegetation
(Sarthou and Grimaldi 1992). Along with the increase
in plant biomass, the depth of the soils grows, increasing
their water retention capacity and thus allowing the devel-
opment of more abundant and woody vegetation (Frey-
con et al. 2003; Oumorou 2003; Freschet et al. 2018). This
would explain the conversion of grassland and bare rock
into fields and fallow and the growth in natural vegetation
classes. The adjacent areas of inselbergs can also be fertile
and suitable for agriculture, as they can benefit from nu-
trient input from the surrounding slopes and hills. There

would have been significant support for the establishment
of low-rooting crops such as maize and cowpea, and the
densification of certain topsoil use classes.

To appreciate the level of the anthropization of the in-
selbergs, the anthropization indices were calculated. They
show an increase in the fragmentation index for natural
land use classes. Fragmentation is recognized as the first
consequence of the landscape transformation process
(Fahrig 2003; Alongo et al. 2013). It is often associated
with agricultural intensification (Benton et al. 2003) as
demonstrated by the drastic increase in the dominance
index (Dj) of the field and fallow class during this study.
This is not without consequences on the quality of hab-
itats (Alohou et al. 2016) and therefore on the quality of
Benin inselbergs. Slowly we may see a reduction in the
quantity of natural habitat (Ouinsavi and Sokpon 2010),
an increase in the number of habitat patches, an increase
in the isolation of patches, and an increase in the propor-
tion of edges (Collier and Smith 2000; Halla 2002; Alongo
et al. 2013). This fragmentation may cause the absence of
all animal life on inselbergs, which are known to conserve
endemic biodiversity. We can then conclude that there is
a regressive dynamic of the natural vegetation cover of the
inselbergs of Benin.

In 2003, natural vegetation was equally present on
both protected and unprotected inselbergs. However,
settlements were more common on protected inselbergs,
while tree plantations were more prevalent on unprotect-
ed inselbergs. By 2018, there had been an expansion of
fields and fallow land on both protected and unprotected
inselbergs, with a decrease in settlements and bare rocks,
and an increase in grassland. This is consistent with pre-
vious research on LULC change in protected areas in Be-
nin, which found that protected status alone may not be
enough to prevent land use changes. For example, a study
by Avakoudjo et al. (2014) found that the W National
Park in northwestern Benin experienced significant LULC
changes between 2003 and 2013, with a decline in forest
cover and an increase in cropland. Similarly, the studies
by Orekan and Oladokoun (2018) and Azonnakpo et al.
(2020) in protected forests of Savalou and Dassa-Zoumé
respectively, found that the protected forest in the Collines
department experienced significant deforestation and
land use change between 1986 and 2016 for Dassa-Zoumé
protected forest and between 2006 and 2016 for Savalou
protected forest, both with a large part of inselbergs, with
a decline in forest cover and an increase in cropland.

Interestingly, on protected inselbergs there was a sig-
nificant increase in tree plantations, which may suggest
efforts by conservation authorities to promote reforesta-
tion in protected areas. The finding that tree and shrub
savanna grew better on protected inselbergs is in line with
studies that have shown that protected areas can have pos-
itive effects on biodiversity and ecosystem functioning
(Dudley 2008; Butchart et al. 2010).

It is important to note, however, that the results of the
chi-square test revealed no statistically significant differ-
ences in inselberg LULC between protected and unpro-
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tected areas in both 2003 and 2018. While the changes in
LULC on protected and unprotected inselbergs suggest
that protection measures may have some impact on land
use, the lack of statistical significance suggests that other
factors are also influencing land use patterns. These results
are consistent with previous research that has shown that
a range of social, economic, and environmental factors
can influence land use decisions and patterns (Turner
et al. 1994; Lambin et al. 2003). Indeed, the populations
around the inselbergs mostly practice quarrying to obtain
gravel (Oumorou 2003). This economic activity represents
a real threat to the inselbergs whose support is exploited
for economic purposes.

Conclusions

The analysis of land-use changes of inselbergs and their
adjacent area was carried out in the Collines department.
Sentinel 2 and Spot 5 satellite images of 10 m resolution
were used for this purpose. The most observed trends are
conversions from natural LULC classes to anthropogenic
LULC, particularly with a significant increase of fields and
fallows. In addition, while protected areas may have some
impact on inselberg land use, other factors are also impor-
tant in shaping these patterns. Further research is needed
to better understand the complex social, economic, and
environmental factors that influence land use decisions
and patterns on protected and unprotected inselbergs.
Also, protected areas in Benin may be facing increasing
pressure from land use change and development. It is
therefore urgent to develop a conservation and restora-
tion plan for inselbergs of Benin for better conservation of
their biological diversity through the following activities:

- Conduct awareness campaigns to educate the local
population on the importance of the inselbergs and
the benefits of its restoration.

- Establish a participatory planning process that in-
cludes the local population in decision-making and
implementation of restoration activities.

- Replant trees through seed collection, plant produc-
tion, tree planting and tree maintenance.
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