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Abstract The Grand Saloum is characterized by a vast coastal plain cut by a dense hydrographic network and
populated by mangrove plant formations. It is an ecosystem of capital importance in view of its ecological, socioeconomic and environmental role. However, the Saloum delta remains a complex and very sensitive environment,
particularly in the context of climate change. It therefore deserves special attention for better conservation. The
objective of this study is to analyze the spatiotemporal dynamics of its mangrove ecosystems in relation to the
variability of rainfall. The methodology is based on the exploitation of Landsat satellite images time series using
Machine Learning technic from the Google Earth Engine platform to make the diachronic maps of mangrove
ecosystems and analyze its relationship with rainfall. The results showed an expansion of mangrove areas in the
Gambian part where the surface increased from 9 381 ha in 1988 to 11611 ha in 2020 which represents an overall
growth of 23,8%. In the Senegalese part, mangrove surface increased from 52 616 ha to 62 300 between 1988 and
2020 which is +18% growth. The detection of changes showed an important development of mangrove along the
Saloum during the first decade and a strong growth in the Gambian part from the 2000s. The vegetation index
showed a regeneration of the mangrove between 2000 and 2020. The temporal dynamics of the mangrove is strongly
correlated with the rainfall variability.
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1. Introduction
Senegal shares with Gambia an ecological complex that
includes a vast mangrove area crossed by several
waterway, temporarily flooded lagoons, marshes and mud
flats [1]. This marine estuary with coastal ecosystem
contains a wide variety of aquatic and terrestrial
landscapes and ecosystems, which support many plant and
animal species. It also protects, sustains and enhances
livelihoods and ultimately promotes the resilience of
particularly vulnerable communities. Indeed, mangrove
formations are the basis of multiple functions including
coastal fixation by trapping sediments, reproduction of
fauna, supply of various products (wood, oysters, fish,
arches, etc.) and direct and/or indirect services to
populations [2].

This strategic resource is subject to many pressures
generated by a complex set of both natural and
anthropogenic causes. The natural factors that affect the
biodiversity of the Great Saloum are essentially climatic
deterioration, water salinization, land acidification and
coastal erosion. Population growth has led to overexploitation
of resources, destruction and fragmentation of habitats
[3]. These combined effects make this ecosystem very
vulnerable that deserves special conservation attention.
Conservation initiatives have taken place on both sides
of the border, including the Saloum Delta Biosphere
Reserve (Senegal), classified as a Ramsar site and World
Heritage, and the Niumi National Park (Gambia).
The interest of this area has also attracted scientific
curiosity, thus several research studies have been
conducted in the area [4,5,6]. However, the understanding
of the spatiotemporal dynamics of the mangrove in the
face of climatic variations remains poor.
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This study aims to use the long time series of Landsat
images to maps the spatiotemporal dynamics of the
mangrove ecosystem of the Grand Saloum complex over
the last 40 years (1988-2020) and analyze its relation
with the spatiotemporal variability of rainfall. This by
using Cloud computing (Google earth Engine-GEE) and
Machine learning which are new methods of processing of
large time series of images and extracting information’s
with more accuracy than the classical methods of
classification. Indeed, in recent years, several works have
shown the interest of using remote sensing for monitoring
wetlands. These new advanced techniques of geospatial
data analysis are likely to provide new insights into a very
complex ecosystem such as the Grand Saloum.
Normalized Difference Vegetation Index (NDVI) and
Vegetation Condition Index (VCI) which are the most
widely used vegetation indices [7,8] is used the analyze
the state of the mangrove. NDVI allows to inform on
chlorophyll activity which provides information on the
state of health on the mangrove and its density [9,10,11].
The VCI compares the current NDVI to the range of
values observed in the same period in previous years, it
allows to evaluate mangrove condition in relation to its
situation over the study period [10]. Finally, CHIRPS
(Climate Hazards Group Infrared Precipitation) rainfall is

used to to understand the influence of rainfall on the
dynamics of mangrove ecosystems.

2. Materials and Methods
2.1. Study Area
The Grand Saloum is located in the western part of
Senegal and The Gambia between 13°23'20'' and
14°14'10'' North latitudes and 16°00'00'' and 15°51'40''
West longitudes. It is characterized by four main rivers,
including the Saloum, Diombos, Bandiala and Gambia
rivers, which flow directly into the Atlantic Ocean
(Figure 1). This region is dominated by the Saloum
estuary which shelters particular littoral formations of
mangrove, drained by a multitude of bolongs with almost
no freshwater input due to rainfall variability.
The Grand Saloum region belongs to the SenegaleseMauritanian sedimentary basin which is made up of
geological formations ranging from the Precambrian to the
Quaternary. It is characterized by discontinuous MesoCenozoic formations over older geological formations.
The sedimentary consist of sands, sandstones, limestones
and whose evolution is dependent on marine dynamics.

Figure 1. Presentation of the study area

The vegetation is essentially composed of two major
formations: those occupying the submersible zones and
their edges and those occupying the continental domain
[2,12,13,14]. The vegetation formation of the submersible
zones and their edges is entirely constituted of the

mangrove, which is the basis of multiple functions that
include coastal fixation by trapping sediments, fixation of
carbon dioxide which is a greenhouse gas (hence its name
of carbon sink), etc. This ecosystem also plays the role of
reproduction site of the ichthyological fauna and the

American Journal of Environmental Protection

supply of various products (wood, oysters, fish, arches).
There are six species belonging to three families:
- The Rhizophoraceae are composed of three species
of the genus Rhizophora: Rhizophora racemosa of
great size (up to 20 m) colonizes the edges of
the channels. Behind, Rhizophora mangle and
Rhizophora harrisonii, constitute a more extensive
but lower formation.
- The Verbenaceae are represented only by Avicennia
africana (or Avicenia nitida) and are located behind
the Rhizophora, at the upper limit of the mudflats,
in a dense and then discontinuous monospecific
stand. The genus Avicenia is much better adapted to
the over-salt than Rhizophora.
- The Combretaceous are much less abundant
and are represented by Conocapus erectus and
Languncularia racemosa occupying a domain that is
only submerged at spring tides.
It should be noted that the spatial distribution of the
different species is related to their capacity to adapt to
salinity conditions [6].
The region has a tropical Sudan-Sahelian climate
marked by alternating air flows depending on the time of
year. It is characterized by rainfall and relative high
humidity during the rainy season. Temperatures and
insolation vary according to the season.

2.2. Data
Landsat images time series are used (Table 1) for
studying mangrove ecosystem between 1988 to 2020 with
a decennial time step: (i) in 1988, corresponding to the
drought period of the 1980s and 1990s, which was marked
by a strong degradation of ecosystems in the entire
Sahelian strip [15,16,17]; (ii) in 2000 coinciding with the
beginning of the increase in rainfall in the Sahel; (iii) in
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2020 to have the current situation and (iv) in 2010 which
constitutes an intermediate year.
Table 1. Landsat images used
Year

Landsat

1988

Landsat-5

2000

Landsat-7

2010

Landsat-5

2020

Landsat-8

The images were obtained from the online image
processing platform Google Earth Engine (GEE). This
cloud computing platform has the advantage of containing
images already corrected (geometric and atmospheric
effects correction). Nevertheless, to avoid any noise on the
images that could alter the quality of the classification, for
each date, a synthetic image (median) was produced from
all the dry season images (January to June) without cloud.
CHIRPS (Climate Hazards group Infrared Precipitation
with Stations) rainfall data available on the Google
Earth Engine platform are used to analyze the influence of
rainfall variation on the dynamics of mangrove
ecosystems. These data obtained from 0.05° x 0.05°
spatial resolution satellite and validated with in situ station
data allowed the creation of global precipitation time
series over 40 years [18].

2.3. Methodology
The methodology can be summarized in three parts
(Figure 2): the spatiotemporal analysis of land use; the
analysis of mangrove dynamics and finally the analysis of
the relationship between mangrove dynamics and rainfall
variability.

Figure 2. Flow chart of the method
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A. Spatiotemporal analysis of land use
The Random Forest that is a Machine Learning
algorithm [19,20] is used to classify the different land use
land cover classe. It is a collection n of random trees that
are predictors based on a training database. Each tree
produces a classification result, and the classification
model result depends on the majority of votes [20].
The objective is to achieve the most accurate
cartographic representation possible from the spectral and
textural values of the various pixels of the image [21,22].
For this purpose, an analysis of the spectral signature of
the different types of land use was carried out from the
selected training areas based on existing maps and very
high spatial resolution images from Google Earth.
Taking into account the objective (monitoring of mangrove
ecosystems) the classification nomenclature is simplified
into seven themes: (i) watercourses (river, ponds);
(ii) mangrove; (iii) agricultural areas; (iv) savannah;
(v) salted areas; (vi) mudflats and (vii) ocean.
To better understand the temporal dynamics of land use
in the area, the Average Annual Spatial Expansion Rate
(AASER) was calculated. The formula used is one of the
formulas applied by [23] cited by [24] whose variable
considered is the surface area (S). The formula for
calculating this index is:
ln ( S 2 ) − ln ( S1) 
T=
*100
t * ln ( e )

(1)

Where S1 and S2 corresponding respectively to the area of
a land use category at date t1 and t2, t is the number of
years of change between t1 and t2, e is the base of
neperian logarithms (e =2.71828).
B. Analysis of mangrove dynamics
To characterize the state of the mangrove, two
vegetation indices (NDVI and VCI) are used. NDVI is
calculated from Near Infrared and Red bands.
NDVI =

NIR − R
NIR + R

(2)

-

For Landsat 5 and Landsat 7: NIR (Near Infrared
band) correspond to Band 4 and R (Red band) to
Band 3
- For Landsat 8: NIR (Near Infrared band) correspond
to Band 5 and R (Red band) to Band 4
NDVI value varies from -1 to 1: (i) -1 to 0 represent
Water bodies; (ii) -0.1 to 0.1 represent snow or barre soil;
(iii) 0.2 to 0.5 correspond to presence of vegetation such
as mangrove which importance increases with NDVI
(close to 0 indicated that less vegetation there is or its
condition is strongly degraded) and (iv) 0.6 to 1.0
represent dense vegetation or tropical rainforest. For each
date, the NDVI is calculated to evaluate the spatial
distribution of the mangrove density.
The VCI was calculated using the following formula
[25]:

VCI = 100*

NDVIi − NDVI min
NDVI max − NDVI min

(3)

where NDVIi is the NDVI value of a specific date (1988
or 2000 or2010 or 2020 in this case), and NDVImax and
NDVImin are the maximum and minimum NDVI values

for over a specific time period (between 1988 and 2020 in
this case). VCI is an index that expresses the current state
of the mangrove in relation to its minimum level reached
over the study period which allows to analyses the
temporal dynamics of the mangrove [25,26]. A VCI value
near 0% reflects a highly degraded mangrove [27] while a
value around 50% corresponds to an average growth
situation and values between 50 and 100% indicate
optimal or above normal conditions.
C. Analysis of mangrove density in relationship with
rainfall variability
Correlation between mangrove NDVI and annual
average of rainfall for each decade is done. This in order
to understand if the resumption of rainfall noted these last
decade could impact the evolution of the mangrove. In
addition, the Standardized Precipitation Index (SPI; [28])
is compared with the ICV to better explain the deficit
pockets observed on the mangrove maps.

SPI =

Xi − X m
Si

(4)

Where Xi is the cumulative rainfall for year i considered
(here 2020); Xm and Si are respectively the mean and
standard deviation of annual rainfall for a given period
(1998 to 2020 in this case).

3. Results and Discussions
3.1. Land Use Lande Cover Dynamic
A. Land cover mapping
Figure 2 shows that in Senegal, the mangrove is mainly
located in the south of the Saloum River in the wettest part
of the estuary with a few pockets in the north, notably in
Joal-Fadiouth. The northern part of the estuary is
dominated by mudflats associated with large bare and
over-salted areas called tannas, which in some places
border agricultural areas.
In the Gambian part, the mangrove is located along the
Gambia River and is distributed mainly in four sites:
(i) the National Niumu Parck, (ii) along the belongs west
of Bakindick, (iii) the Sika Bolong Estuary and (iv) the
Kumadi Estuary which extends to the border with Senegal
(Figure 3).
Table 2 presents statistics of the evolution of the
selected thematic classes. Overall, the study area is
dominated by rainfed crops with an average of more than
20% in Senegal and 30% in The Gambia.
Situation in 1988: Mangroves cover an area of 52,616
hectares, i.e., 13.4% of the total area of the Senegalese
study area, compared to 9,381 hectares in The Gambia
(7% of the area). In the Senegalese part, the mangrove is
located on south of the Saloum River. In The Gambia, the
mangrove is distributed in four pockets along the Gambia
River (Figure 3).
Situation in 2000: The 2000 map shows an overall
increase in mangrove area of about 12%, although there is
a regression in some areas such as along the belongs west
of Bakindick in The Gambia (Figure 3 and Table 2). The
area of salted areas has declined sharply, particularly in
The Gambia, where there has been a 50% decline.
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Figure 3. Diachronic evolution of land use from 1988 to 2020
Table 2. Land use land cover areas classes

Gambia

Senegal

1988
Area (hectare)
26 303
9 381
43 350
45 620
1 522
4 841

%
20,08
7,16
33,09
34,82
1,16
3,69

2000
Area (hectare)
26 608
10 025
51 560
37 633
746
4 444

%
20,3
7,7
39,4
28,7
0,6
3,4

2010
Area (hectare)
25 289
11 343
36 247
53 050
96
4 991

%
19,3
8,7
27,7
40,5
0,1
3,8

2020
Area (hectare)
26 779
11 611
37 995
50 842
28
3 761

%
20,4
8,9
29,0
38,8
0,0
2,9

Subtotal
Watercours
Mangrove
Agricultural areas
Savanah
Salted areas
Mudflat
Ocean

131 016
34 486
52 616
88 950
61 107
43 307
51 912
61 530

100
8,8
13,4
22,6
15,5
11,0
13,2
15,6

131 016
37 622
59 699
87 890
58 002
34 659
55 044
60 992

100,0
9,6
15,2
22,3
14,7
8,8
14,0
15,5

131 016
35 369
62 317
83 230
60 011
33 693
57 254
62 033

100,0
9,0
15,8
21,1
15,2
8,6
14,5
15,7

131 016
40 161
62 300
67 588
101 668
15 454
45 154
61 582

100,0
10,2
15,8
17,2
25,8
3,9
11,5
15,6

Subtotal
Total

393 908
524 924

100,0

393 908
524 924

100,0

393 908
524 924

100,0

393 908
524 924

100,0

Land use land cover
Watercours
Mangrove
Agricultural areas
Savanah
Salted areas
Mudflat

Figure 4. Areas of different Marine Protected Areas MPAs land uses

Situation in 2010: a positive evolution of mangrove
areas is noted with an increase of nearly 6% over the
entire study area. An extension of mangrove areas is noted
on the Gambia side, especially along the belongs west of
Bakindick where mangrove had disappeared in places
between 1988 and 2000. The decline of tans noted in 2000
has accelerated sharply in 2010 when the mudflat is
expanding.

Situation in 2020: The trend observed since 2010 has
generally continued until 2020. However, there are
pockets where a regression of the mangrove is important.
It is especially the coastal fringe marked by a strong
erosion with as a consequence a degradation or even a
disappearance of the mangrove. The oceanic dynamics
more and more sustained is also a factor of degradation of
the mangrove especially the small plantlets. This often
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compromises the reforestation efforts made by the
populations.
Figure 4 shows the distribution of the area of the
different land use units of the protected areas. The Saloum
Delta National Park (SDNP) and the Marine Protected
Areas (MPAs) of Sangomar, Bamboung and Gandoul
concentrate the most mangroves with 5,407, 4,626 and
4,236 hectares respectively. However, Bamboung MPA
with more than half (62.6%) of its area occupied by
mangrove has the highest rate of mangrove coverage
followed by Gandoul with 26.9%, the other protected
areas having rates below 10%. These low rates are
explained by the fact that more than 50% of the reserves
are located in the Atlantic Ocean.
B. Land use land cover change analysis
Many changes have been noted over the last forty years
in the Grand Saloum complex, particularly in the
periphery of the mangrove areas (Figure 5).
Change between 1988 and 2000: The dynamics of land
use between 1988 and 2000 is marked by a notable change
in the mangrove. An appearance of mangrove in the
chainons (between the two rivers of the Saloum) and a
degradation towards the peripheries at the lower limit of
the tans. In the Senegalese part, 8.6% of the total
mangrove area disappeared during this period against 22%
of new mangroves representing a gain of +13.4% against
+6.9% in The Gambia where 12% of mangrove surfaces
are lost for 18.9% of new spaces. The transformation from
mangroves to savannahs and vice versa is very important
in both parts, due to the fact that grasses and other
halophytic trees cohabit with the mangrove with a swing
according to the climatic dynamics and anthropic actions.
We also note a colonization of the mudflats by the
mangrove resulting most often from reforestation
campaigns. Over the same period, in The Gambia, more
than 50% of the tans have disappeared to the benefit of
mudflats and savannah.
Change between 2000 and 2010: The period 2000-2010
is marked by a strong appearance of new mangrove

areas and a low disappearance in both countries.
For example, in the Senegalese area, only 9% of the area
was lost against an appearance of 13.7%, which is a
jump of +4.4%. In The Gambia, a total of +13% increase
was noted during this period (-3% versus +16%).
As in the period 1988-2000, mangrove-savanna and
savanna-mangrove transformations remained significant.
The disappearance of salted areas has also accelerated,
with a significant part of them being converted into
savannah. This shows once again that the resumption of
rainfall since the 2000s has washed out the soils leading to
the development of vegetation on previously very salty
land.
Change between 2010 and 2020: In the last ten years,
mangrove has remained almost stable despite some
losses noted on the peripheries, contrary to previous
decades when mangrove losses were observed throughout
the area. At the same time, the savannah areas
have strongly progressed in Senegal, particularly in
the northern part where the erection of micro-dams
has favored land desalination. In The Gambia, the
mangrove in the Kumadi estuary has recorded some
pockets of degradation. However, the total area of
mangroves has increased overall in The Gambia by more
than 2%.
The Average Annual Spatial Expansion Rate (AASER)
calculated from the above matrices allow to understand
the temporal interannual dynamics of land use, the
Average Annual Spatial Expansion Rate (AASER) was
calculated and the results are illustrated in Figure 6.
This curve shows a continuous decline in the expansion
of the mangrove from +0.98 between 1998 and 2000,
to +0.55 during the decade 2000-2010 and +0.03
between 2010 and 2020. The agricultural areas, after a
slight expansion (+0.44 between 1988 and 2000)
have continuously regressed since 2000 with -1.55
between 2000 and 2010 and then -1.24 in the last
decade). Unlike the savannah which has continued to gain
ground. Mudflats and tans have also lost space.

Figure 5. Land use change map between 1998 and 2020 and change matrix for both countries
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Table 3. Evolution of the surface areas of the different land use classes

1988

2000

2010

1988

2000

2010

Senegal
2000/2010
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Ocean
Total

Watercourse
32 333
136
2
80
14
4 267
789
37 622

Mangrove
33
48 107
203
5 091
280
5 983
2
59 699

Cultivated areas
14
23
72 791
11 570
2 418
1 060
14
87 890

2000
Savannah
82
2 920
10 423
37 015
2 559
4 943
61
58 002

Salted areas
58
65
3 683
2 644
26 259
1 846
103
34 659

Mudflat
1 807
1 341
1 847
4 609
11 742
33 469
228
55 044

Ocean
159
24
1
98
36
343
60 332
60 993

Total
34 486
52 616
88 950
61 107
43 307
51 912
61 530
393 908

Senegal
2010/2020
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Ocean
Total

Watercourse
32 456
196
24
477
89
2 037
91
35 369

Mangrove
139
54 158
102
4 984
220
2 712
3
62 317

Cultivated areas
0
91
72 101
7 668
2 315
987
69
83 230

2010
Savannah
45
2 105
11 023
39 481
2 488
4 868
0
60 011

Salted areas
56
37
2 895
2 098
25 231
3 343
33
33 693

Mudflat
4 919
3 110
1 734
2 205
4 302
40 984
0
57 254

Ocean
7
3
11
1 089
15
113
60 796
62 034

Total
37 622
59 699
87 890
58 002
34 659
55 044
60 992
393 908

Senegal
2010/2020
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Ocean
Total

Watercourse
32694
276
1
151
12
7028
0
40 161

Mangrove
137
57327
34
2800
4
1997
1
62 300

Cultivated areas
0
0
59088
5050
2636
813

Salted areas
59

Mudflat
2199
3502
233
2662
357
34922
1278
45 154

Ocean
96
6
5
44
58
670
60703
61 582

Total
35 369
62 317
83 230
60 011
33 693
57 254
62 033
393 907

67 588

2020
Savannah
185
1206
21983
48854
18559
10832
50
101 668

1886
449
12067
992
1
15 454

Gambia
2000/2010
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Total

Watercourse
25996
34
0
13
0
564
26 608

Mangrove
1
8253
8
1069
27
667
10 025

2000
Cultivated areas
2
14
35411
15669
276
188
51 560

Savannah
2
579
7855
27130
1092
975
37 633

Salted areas
6
3
6
664
6
60
746

Mudflat
295
499
69
1075
121
2385
4 444

Total
26 303
9 381
43 350
45 620
1 522
4 840
131 016

Gambia
2010/2020
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Total

Watercourse
24938
2
3
13
3
331
25 289

Mangrove
8
9719
138
1050
20
407
11 342

2010
Cultivated areas
0
0
31627
4568
10
40
36 246

Savannah
709
209
19690
31036
612
794
53 050

Salted areas
2
8
47
24
14
95

Mudflat
951
94
92
919
76
2858
4 990

Total
26 608
10 024
51 559
37 633
745
4 443
131 012

Gambia
2010/2020
Watercours
Mangrove
Cultivate areas
Savannah
Salted areas
Mudflat
Total

Watercourse
24975
33
0
4
0
1767
26 779

Mangrove
24
10477
9
677

2020
Cultivated areas
0
2
28572
9350
11
60
37 995

Savannah
14
277
7573
42487
79
412
50 842

Salted areas
0
0
19
4
5
0
28

Mudflat
275
554
73
529
1
2328
3 762

Total
25 289
11 343
36 247
53 050
96
4 991
131 016

424
11 611

36
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Figure 6. Average Annual Spatial Expansion Rate (AASER) of different classes

3.2. Analysis of Spatialtemporal Magrove
Danamic
Over the study period, the area of mangrove increased
globally. From 52,616 ha in 1988 to 59,699 ha in 2000
before increasing to 62,317 in 2010 and 62,300 ha in 2020
in the Senegalese part of the study area. In the Gambian
part, they successively increased from 9,381 in 1988, to
10,025 in 2000, 11,343 in 2010 to reach 11,611 ha in 2020.
Overall, the mangrove areas have continuously increased
from 1988 to 2020, following the regressions noted in the

early 1980s due to the severe droughts recorded in the
Sahel during this period. The evolution of mangrove areas
thus seems to be a direct response to rainfall fluctuations
which play an important role in water and land desalination.
However, these evolutions are not homogeneous in space
as illustrated by the change maps in the following paragraphs.
Figure 7 below shows the spatiotemporal evolution of
the mangrove since 1988, highlighting the stable areas but
also the parts where the mangrove is retreating and those
where it has appeared during each decade.

Figure 7. Map of mangrove evolution between 1998, 2000, 2010 and 2020
Table 4. Matrix of mangrove area evolution between 2000, 2010 and 2020
Decade

1988-2000
2000-2010
210-2020

Value
%
Value
%
Value
%

Disappeared
1 128
12,0 %
305
3,0 %
866
7,6 %

Gambia
Stable
Appeared
8 253
1 772
88,0 %
18,9 %
9 719
1 624
97,0 %
16,2 %
10 477
1 134
92,4 %
10,0 %

Total
10 025
+06,9 %
11 343
+13,2 %
11 611
+02,4 %

Disappeared
4 509
8,6 %
5 541
9.3 %
4 990
8,0 %

Senegal
Stable
Appeared
48 107
11 590
91,4 %
22,0 %
54 158
8 159
90.7 %
13,7 %
57 327
4 976
92,0 %
8,0%

Total
56 699
+13,4%
62 317
+04,4 %
62 300
00,0 %
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Table 4 summarizes the statistics of mangrove
evolution in the two sites (Saloum and Niumi) over the
periods (1988-2000, 2000-2010 and 2010-2020)
a) 1988-2000 decade: a significant development of
mangroves was noted along the Sine-Saloum River
at the same time as the eastern periphery
experienced
fairly
significant
mangrove
disappearances. A total of 4,509 hectares of
mangroves were lost between 1988 and 2000, i.e.,
8.6% of the total mangrove area available in 1988,
compared to an appearance of 11,590 ha (+22.0%),
which represents a gain of 7,081 ha (+13.6%). In
the Gambia, mangrove regressed in the
southwestern part towards Bakindick and Tubo
Kolong. However, the progress noted in several
places of the zone allowed a total overall increase
of 664 ha (+6.9%) of mangrove between 1988 and
2000.
b) Decade 2000-2010: this decade is marked by a
slowdown in the increase of mangrove areas in
Senegal and a strong growth in the Gambian part.
Indeed, in the Saloum, 9.3% of the mangrove was
lost against 13.7% of appearance, that is to say an
overall progression of +4.4%. The development of
the mangrove observed along the Saloum River in
2000 has been maintained with an extension to the
eastern periphery in areas where degradation was
noted the previous decade. The most significant
degradation is visible in the central part of the
Saloum delta and around Joal-Fadiouth. In the
Gambia, mangrove areas increased by +13.2%. This
strong growth is the result of a small disappearance
(-3%) combined with a significant appearance
(+16.2%).
c) Décennie 2010-2020 : Dans le Saloum, les
superficies de mangrove sont restées globalement
constantes avec 4 990 ha apparue contre 4 976 ha
de perte, représentant une perte nette de 14 hectares
durant cette décennie. Les pertes les plus
importantes se situent au nord-ouest, vers
Foundiougne. L’évolution de la mangrove dans le
Niumi entre 2010 et 2020 est restée positive mais
de faible ampleur (+2,4%). Cependant, quelques
poches de pertes sont à déplorer.
d) Decade 2010-2020: In the Saloum, mangrove areas
remained globally constant with 4,990 ha appeared
against 4,976 ha lost, representing a net loss of 14
hectares during this decade. The most important
losses are located in the northwest, towards
Foundiougne. The evolution of the mangrove in the
Gambia between 2010 and 2020 remained positive
but of low magnitude (+2.4%). However, some
pockets of loss are to be deplored.
The positive developments noted during the first decade
(1988-2000) indicate that mangroves have begun to
recover in many areas since 1988. This suggests that the
gradual recovery of rainfall in the Sahel in the 2000s
[15,29,30] led to desalination of the land, thus favoring
the development of mangroves. The positive dynamics
that have been maintained until 2010 support this
statement.
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The differences in evolution rates between the two
countries are certainly the result of a more rapid recovery
of the mangrove in the Saloum, where it rapidly
recolonized its environment at the end of the drought
years (decade 1988-2000). It can also be attributed to
conservation efforts in both countries.
The periphery of the Saloum delta is experiencing a
strong dynamic marked by a succession of disappearance
and appearance of mangroves. This phenomenon can be
the result of exposure to anthropic effects (abusive cutting)
but also to climatic hazards that induce a balancing of soil
salinity levels.
The constancy of mangrove areas in the Saloum during
the last decade (-4,990 ha versus +4,976) shows that the
reforestation efforts of the last few years are often wiped
out by losses.

3.3. Analysis of Mangrove Density in
Relationship with Rainfall Variability
The 1988 mangrove NDVI index is overall below 0.4
indicating a sparse and heavily stressed mangrove. This
result is consistent with what has been observed in other
studies 2000s [5,31] where it has been shown that the
mangrove was severely stressed between 1972 and 1986
as a result of the drought years that hit the Sahel as shown
on the map of average rainfall between 1981 and 1987
(Figure 8). Indeed, the decrease in freshwater inflow,
combined with strong evaporation and penetration of
marine waters, is at the origin of an increase in salinity
that has greatly contributed to the degradation of the
mangrove. The latter being particularly reactive to
variations in water salinity 2000s [32].
In 2000, the mangrove index showed a clear
improvement. The revitalization of the mangrove is
particularly clear and strong in three (3) sectors: the area
between the two rivers in Senegal, in the south of the
Senegalese part and finally in the eastern estuary in the
Gambia. The increase in rainfall after 1988, as indicated
by the average rainfall map between 1990-1999 in
Figure 8, has favored the leaching of halomorphic lands,
thus leading to a decrease in saline lands. Indeed, the
period 1990-1999 is characterized by the sporadic return
of rainfall. Several studies have shown that the 1990s
marked the beginning of mangrove regeneration in
Senegambia [31].
The regeneration of the mangrove intensified in 2010
with, however, pockets where the mangrove remains very
weak, particularly along the Saloum River in the northeast
and east. This positive trend is the result of more favorable
climatic conditions but also the development of mangrove
reforestation activities initiated in recent years by the
various projects and programs on the management and
development of mangroves [33]. The construction of
micro dikes during this period has also played a key role
in the recovery of saline lands.
The dynamics of mangrove regeneration observed in
2000 and 2010 are confirmed in 2020 with a vegetation
index globally above 0.4 over almost the entire area
except for a few places like southwest of Bakindick in The
Gambia where the index remains low.
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Figure 8. of the evolution of the vitality of the mangrove and spatiotemporal variability of the rainfall

Figure 9. Temporal variability of mangrove dynamics and rainfall
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After the period of drought in the 1980s which negatively
impacted the mangrove, there has been a continuous
regeneration of the latter since 1988, with an acceleration
after 2000. This state of the mangrove has multiple
origins. The freshwater inflow following the rainfall
recovery has greatly reduced the salinity and acidity
of the soil [34]. It is also important to note the
implementation of several projects and programs to
restore and safeguard the mangrove. We can cite for
example the 1996-2001 Orientation Plan for Economic
and Social Development, the Forestry Action Plan which
highlights the need for mangrove management as one of
the priority actions in the action program at the regional
level.
Figure 9 shows the current level of degradation/regeneration
compared to its average level over the study period
(1988-2020). On the one hand, the peripheries of the
reserves constitute the areas where the level of mangrove
is low with an VCI below 0.5 (50%). On the other hand,
there are pockets where the mangrove remains weak,
notably south of Bétenti up to the PNDS at the Gambian
border and in the Kumadi estuary in Gambia. The
mangrove along the banks of the channels of the Saloum
Delta is in a stable state even if weaknesses are visible in
some places.
We note that the overall average level of the mangrove
in 2020 is good in comparison to its average level between
1988 and 2020 with, however, parts where the degradation
is very marked. This analysis has made it possible to
delimit a certain number of buffer sites around the
conservation areas for restoration actions.
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3.4. Analysis of Mangrove Degradation in
Priority Areas
Figure 10 below gives the distribution of the percentages
of level (very low, low, medium, high and very high) of
the mangrove, calculated from the VCI for the protected
and unprotected sites delimited from Figure 9. In the
protected areas, more than 80% of the mangrove is in a
strong to very strong (good to very good) situation except
for Sangomar MPA and PNDS which are at about 50%.
This shows that the mangrove in the protected sites is
globally in a good state contrary to the peripheral areas
that we have delimited where the weak to average levels
reach most often 40%.
A comparison of the temporal evolution of mangrove
areas between protected and unprotected areas does not
show much difference, although it should be noted that for
unprotected sites the areas have remained globally constant
since 2000, or even decreased (Figure 11). Only site 3, which
is located to the north of the Sangomar MPA, has experienced
a positive evolution, going from 1,561 to 1,971 ha
between 2000 and 2010, an increase of more than 26%.
These different results show once again that the
situation in the protected areas is better than in the
peripheries. However, if actions are not taken to preserve
or even restore the mangrove in these peripheral sites, the
pressure on the protected sites may increase, thus
threatening all the conservation and sustainable
management efforts underway. It is therefore important to
carry out strong actions to better protect the buffer zones
for a more effective conservation of the protected areas.

Figure 10. Statistics on the level of mangrove degradation in protected (left) and unprotected (right) areas
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Figure 11. Temporal evolution of mangrove in protected areas and no protected zones

3.4. General Discussion
The results of the diachronic mapping show an overall
positive evolution of +19.2% of the mangrove of the
Grand Saloum 1988 and 2020. This variation is marked by
a strong growth of mangrove surfaces (+12%) during the
first decade. From 2000, the increase in area slowed to
+6% between 2000 and 2010 and then to less than +1% in
the last decade. The extension of the mangrove is more
important in the Gambian part with +23% (from 9,381 ha
in 1988 to 11,611 ha in 2020) against +18% in the Saloum
(52,616 ha in 1988 and 62,300 in 2020). However, these
overall trends conceal some disparities, including (i) a
slight decrease in mangrove areas between 2010 and 2020
in Saloum; (ii) significant disappearances in some places
against progress in others; (iii) areas that lose their
mangrove over a period before it reappears the following
decade and vice versa; (iv) degradations are more marked
in unprotected areas and especially the peripheries.
The spatial expansion rate of mangrove has been
continuously decreasing since 1988. This indicates that the
strong progression of the mangrove during the first decade
(1988-2000) at the end of the drought of the 1980s has
slowed down in the following years. Indeed, after the
return of favorable conditions (increase of rain, decrease
of salinity and acidity of soils after 1990) favored a
rapid development of the mangrove which was able to
recolonize a large part of the favorable pockets for the
development of mangrove. This explains that the
following decades (2000-2010 and 2010-2020) the
expansion of the mangrove has slowed down even if it
still remains positive.

These different observations show that conservation
and protection efforts are often counterbalanced by the
sometimes-significant losses in uncontrolled pockets. The
resumption of rainfall has favored the development
of mangroves contrary to climate change and its
consequences such as salinization of land, coastal erosion
and the development of increasingly large swells with
their share of consequences on the mangrove.
Today, the major challenges for the conservation of this
highly strategic but also fragile ecosystem are, among
others (i) a good policy of integrated and sustainable
management of mangrove ecosystems by strengthening
the achievements in the Protected Areas (MPAs and PAs);
(ii) a participatory management of buffer zones around the
protected sites to maintain this natural barrier without
which the anthropic pressure on these sites becomes a real
threat; (iii) strategies or economic models that allow the
populations to live from the ecosystem services of the
mangrove without destroying them. This last recommendation
requires the involvement of local populations in the
management and restoration of the mangrove.
The negative changes of the mangrove noted are the
result of several natural and anthropogenic factors.
1) Natural factors: The climatic pejoration’s, which
the region experienced in the 1970s, have considerably
decreased the freshwater inflow, accompanied by a
global warming of the land [35], which leads to a
hyper salinity in certain areas, thus causing degradation
or even loss of mangroves. Coastal erosion is also a
natural phenomenon that negatively impacts the
mangrove. Indeed, the rupture of the Sangomar spit
has led to a degradation or even a disappearance of
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the mangrove in front of the new breach because of
the strong marine currents and waves that hit this
part of the estuary. The strong swells noted in recent
years and which are a consequence of climate change
are often a hindrance to the development of small
seedlings, often compromising the reforestation
efforts initiated by the populations.
2) Anthropogenic threats: The many functions that
the mangrove provides for the populations make it a
particularly prized environment, thus leading to an
increasing pressure [36]. These growing needs for
resources, driven by a growing demography in
coastal areas, also contribute to the process of
environmental degradation in the estuary [3]. The
overexploitation of mangrove wood used by
populations as firewood and construction wood is
also a factor in the destruction of the mangrove in
the Grand Saloum. To this must be added pollution,
especially industrial pollution, which will increase
with the exploitation of offshore oil in the
Sangomar Field.

4. Conclusion
This study analyzes spatiotemporal dynamics of
mangrove ecosystems from Landsat images time series
and its relationship with rainfall. The use of the Google
Earth Engine platform made it possible to process this
mass of data without much difficulty with machine
learning algorithms that improve the accuracy of the
mapping of the different land use classes.
After having been strongly tested by the drought that hit
the Sahel in the 80’s decade, the mangrove has
experienced a positive evolution in the last 30 years.
Indeed, this study shows that from 1988 to 2020,
mangrove areas have increased slightly in the Grand
Saloum, with +23.8% of growth in Gambian part and
+18.4% in Senegalese side. Similarly, the density of
mangrove has undergone a positive evolution as shown by
the NDVI which passes from an average value lower than
0.4 in 1988 to about 0.6 in 2020. In the end, the situation
of the mangrove in 2020 is largely above its average
situation over the last 30 years. However, there are
pockets where a regression or even degradation of the
mangrove is noted. These pockets are often located
outside of conserved perimeters (Marine Protected Areas,
natural reserves among others) where conservation seems
to be successful.
The positive correlation between the evolution of
mangrove ecosystems and the interannual dynamics of
rainfall shows that the latter plays an important role in the
regeneration of the mangrove. This can be explained by
the fact that the resumption of rainfall after years of
drought has favored the decrease of water salinity and also
soil acidity, two key parameters in the regulation of the
mangrove.
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