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Abstract: For more than four decades, the Gulf of Guinea’s coasts have been undergoing a significant
phenomenon of erosion, resulting from the pressures of both anthropogenic and marine weather
forcings. From the coasts of West Africa (Senegal, Ivory Coast, Ghana, Benin, Togo, and Nigeria)
to those of Central Africa (Gabon, Equatorial Guinea, and Cameroon), the phenomenon has been
growing for more than four decades. The southern Cameroonian coastline from Kribi to Campo has
become the scene of significant environmental dynamics that render it vulnerable to coastal erosion,
which appears to be the major hazard of this coastal territory and causes a gradual degradation
of the vegetative cover, thereby leading to the degradation of the coast’s land /ground cover and
human-made infrastructure. The objective of this work is to analyze the kinematics of the Kribian
coastline between 1973 and 2020; to quantify the levels of retreat, accretion, and stability; and finally,
to discuss the factors influencing the evolution of the coastline. The methodological approach is based
on the large-scale processing of Landsat images with a spatial resolution of 30 m. Then, small-scale
processing is carried out around the autonomous port of Kribi using Pléiades and Google Earth images
from the years 2013, 2018, and 2020 with a 0.5 m spatial resolution. The Digital Shoreline Analysis
System (DSAS) version 5 and ArcMap 10.5® tool are used to model coastal kinematics. In addition, the
dynamics of the agro-industrial plantations are assessed via satellite images and landscape perception.
Environmental degradation is measured with respect to the entire Cameroonian coastline through
the supervised classification of Landsat images (1986—2020). The results show that erosion is in its
initial phase in Kribi because significant retreats of the coastline are noticeable over the period from
2015-2020. Thus, between 1973 and 2020, the linear data present a certain stability. In total, +72.32% of
the line remained stable, with values of +1.3% for accretion and +26.33% for erosion—obtained from
Landsat images of 30 m resolution—with an average retreat of +1.3 m/year and an average accretion
of 0.9 m/year between 1973-2020. Based on high-resolution images, between 2013 and 2019, the
average retreat of the coastline on the Kribian coast was —8.5 m/year and the average accretion
was about 7 m/year. Agro-industrial plantations are responsible for environmental degradation.
Thus, at SOCAPALM in Apoubh, there has been a clear growth in plantations, which has fallen from
53% in 1990 to 78% in 2020, i.e., an increase of 25% of its baseline area. This is linked to the fact that
plantations are growing significantly, with increases of 16% in 1990, 28% in 2000, and 29% in 2020, for
old plantations.

Keywords: coastal erosion; coastline; Gulf of Guinea; Kribi; fragilization

1. Introduction and Background of the Study

The African continent is currently experiencing galloping demographic growth. Coastal
areas, especially urban centers, concentrate most of this population. The increase in the
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urban population in West Africa grew from 16% of the total population in 1961 to 47% in
2014 and it is expected to reach 66% in 2050 [1]. This significant growth of the urban popu-
lation in Africa is linked to the migratory phenomenon as its main driver [2]. Population
projections in Sub-Saharan Africa predict 1.8 billion inhabitants in 2050 and 2.6 billion
in 2100 and do not envisage any stabilization before 2100 [3,4]. This population growth
is dazzling in coastal areas, and it is accompanied by developments that contribute to
the weakening (fragilization) of these areas [5-7]. In most cases, this worrying situation
results in hazards including floods [8], pollution [9], and coastal erosion [10,11] with vari-
ous consequences. Coastal erosion is the primary concern of the present study. It affects
coasts around the world, with disproportionate repercussions, often dependent on the
level of consideration of its management in the public policies of the related countries.
Thus, it is shown that 70% of the coasts are experiencing coastal erosion, 20% are stable,
and only 10% are enriching [12]. All the coasts of the world are concerned, and the entire
international scientific community is being challenged.

The coasts of the Gulf of Guinea also experience various natural hazards, among
which coastal erosion is the most important on African coasts [13-17]. From Mauritania
to Nigeria, West African coasts are threatened [18,19]. In Central Africa, rapid erosion
has been observed for the Pointe-Noire (Congo) and Libreville (Gabon) shorelines [20-22].
Issues directly affecting the African coastal zone include population growth and poverty
and the loss of habitat and land through coastal erosion [22].

Throughout the world, several authors have dealt with the issue of coastal erosion
using approaches specific to the geographical areas concerned. Thus, some of them have
addressed this issue in the context of climate change [23]. In a mangrove context, authors
have characterized coastal erosion and its impacts on this ecosystem in southern Thai-
land [24]. As an example of the role of human activities in exacerbating coastal erosion,
one study reported the construction of the Akosombo dam in Ghana in West Africa, which
led to the erosion of the Togolese coast [25]. The situation is similar on the coasts of Sene-
gal and Benin [26]. The management of this hazard is complex. For over eight decades,
the National Research Council [27] has presented some management strategies based on
integrated approaches.

On the Cameroonian coasts, erosion significantly destroys the coast by depositing
mudflats and sand along the coastline [28,29]. This mechanism is orchestrated by the rip
currents or flood currents that strike the coastline, undermining the loose substrate. The
deposited sediments (sand) are collected and marketed by the coastal populations. The
effects of interior erosion on roads, houses, agricultural fields in ruins, and the destruction
of landing sites for boats—and for canoes in the northern section of the Cameroonian coast,
particularly in Isangele, Bamusso, Kombo Itindi, and Kombo Abedimo—can be observed.
On the southern Cameroonian coast, from the Wouri estuary [11] to Campo, there are
visible signs of coastal erosion around Cap Cameroun, Yoyo I and II, Kribi, and Campo.
The markers of this erosion are, among others, the presence of falling trees, destroyed
houses, and damaged dykes.

Additionally, the Kribi-Campo coastal section is currently experiencing a recent shore-
line adjustment, resulting in a loss of sediment, fattening, and stability. Indeed, of the
135 km of the south Cameroon shoreline, 88% of this land is experiencing erosion and 22% is
experiencing accretion, while 0.24% remains stable [30]. This explains the vulnerability of
the Kribi coastline to natural hazards (erosion), and particularly this coastal area around
the Kribi Sea Port and above Campo [31]. Recent data [8] show that these coastal areas
around Kribi experienced sediment enrichment between 1973 and 2007 with an average
surface area of 4,081,400 m? representing 45% of the total dynamics, while the recorded
regressive dynamic corresponding to the linear coastal retreat of the concave sectors of the
coast represents 55% (i.e., 4,949,550 m?) of the total dynamics [8].

The causes mentioned above are likely related to a sediment deficit caused by both
anthropogenic and meteo-marine forcings [32]. The breaking of the waves feeding the
tides, the rise in the sea level, and the action of marine currents and waves [19] can also be
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conducive factors. The noted anthropogenic forcings involve the multiple impacts of man
on the coastal environment. Indeed, the strong anthropogenic pressure on the mangrove
ecosystems of Campo is the main factor of coastal erosion [33]. The construction of the Kribi
Sea Port (between 2007 and 2018) has orchestrated a notorious thinning of this section of
the southern Cameroonian coast that is likely to aggravate erosion. The population growth
of Kribi city and the resulting needs are also the basis of the weakening of the coastline.
Other anthropogenic factors are significant, such as the construction of dams as in the case
of the Memve’ele hydroelectric dam (15 km from Kribi) built on the Ntem River, which
traps a large part of the sediments in transit towards the Kribi coasts. However, additional
factors include the port facilities, the cutting of mangroves, and the extraction of sand.

These observations allow us to address the main objective of this paper, which is
to analyze the kinematics of the Kribian coastline between 1973 and 2020. This analysis
includes the quantification of the levels of retreat, accretion, and stability and finally a
discussion of the factors influencing the evolution of the coastline. Thus, the dynamic
observed creates environmental upheavals at the coastal level, with repercussions on
ecosystems and populations. To better study this phenomenon, the coastlines of the years
1973, 2000, 2015, and 2020 were analyzed using Landsat sensors since the objective is to
quantify the rate of retreat of the coastline.

2. Geographical and Geomorphological Settings
2.1. Geographical and Administrative Situation of the Kribian Coast

The Kribi coast is located in the South Administrative Region and at the Head of the
Ocean Division. The coastal section observed in this study extends over three municipali-
ties: Kribi 1, Kribi 2, and Campo (which is the largest). It extends between 2°10'3” N and
9°10’10” E (Figure 1). Kribi is the second economic pole in Cameroon and is therefore
booming. It is a seaside town with a cosmopolitan population of approximately 104,000 in-
habitants [34]. Originally, Kribi was inhabited by the Pygmies from the Bagyeli tribe, later
followed by the Batanga and Mabi tribes [35].
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Figure 1. Location map of the study area.
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2.2. Geological Context of the Kribian Coast

Geologically, the Kribian coast is not only composed of sedimentary rocks but also
of crystallophyllian rocks from the basic metamorphic complex composed of gneiss, mica-
schists, quartzites, etc. [36]. The Kribian coastline spreads over a low-altitude coastal plain
that is less than 100 m in elevation. This coast is sandy or rocky in places, with soils
resulting from the weathering of rocks and that are suitable for agriculture.

Sandstone formations have also been recorded for this coastal section, which are linked
to the phenomenon of progression both toward the north and the south of the ocean. These
sandstones range from the Upper Aptian at Campo to the Albian with a thickness that
varies from 500 to 600 m [37]. The presence of an Archean and Paleoproterozoic greenstone
belt, Archean charnockites and granitoids, gneiss, a mobile granitic zone, a sedimentary
basin, and an overlap zone can also be noticed (Figure 2) [38].
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Figure 2. Geological structure of the Kribian coast (Source: adapted from Oslisly [38]). Caption:
(1) yellow ferralitic soils showing a high level of acidity, with a degree of saturation varying from
15 to 20% at the surface and less than 10% at depth. (2) Soils on gneiss and lateritic schists, composed
of highly leached humus sand and red sandy clay on lateritic schists. (3) Hydromorphic soils rich in
organic matter, which generally lie alongside the banks of rivers and marshy and mangrove areas
(mouth of the Ntem). (4) Mobile granite zones; (5) sedimentary basin; (C) overlaps; (D) dolerites;
(F) main faults.

From a pedological point of view, the Kribian coast mainly presents: (1) yellow
ferralitic soils showing a high level of acidity, with a degree of saturation that varies
from 15 to 20% on the surface and less than 10% in depth [39]; (2) soils on gneiss and
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lateritic schists, composed of highly leached humus sand and red sandy clay on lateritic
schists; (3) and hydromorphic soils rich in organic matter generally located near rivers, area
swamps, and mangroves (mouth of the Ntem) (Figure 2) [40].

The 2014 Global Baseline for Soil Resources updated in 2015 ([41]) classifies tropical
African countries, such as Kenya, the DR Congo, and Cameroon, as containing Nitisols,
Plinthosols (soils with a high pisolite content up to 80%), and Andosols (derived from
parent materials other than glass-rich volcanic products that are located in humid regions).

This physical setting influences the erosion of the Kribi coasts and needs to be analyzed
to better understand the processes underway in this area.

2.3. Hydrogeomorphological Characterization of the Kribi-Campo Area
2.3.1. Geomorphology of the Kribian Coast

The Cameroonian coastal sedimentary basin, located on the edge of the Gulf of Guinea,
covers an area of 7000 km? [42]. It corresponds to a subsiding trench formed during the
Cretaceous that is gradually deepening towards the ocean where it reaches thicknesses of
4000 m at 40 km and 8000 m further offshore. Globally, the Kribian coast is less than 5 m in
altitude with respect to areas that are very close to the sea; however, after the coastline, the
altitude can reach 15 to 50 m in some areas (Figure 3).

Elevation Profile

Elevation (meters)

DEM Resolution: 24m,

50,000 100,000 150,000 200,000 250,000 300,000 350,000
Distance {meters)

Line D=1

Figure 3. Kribi elevation profile, generated from the Digital Terrain Model (DTM).

The Kribian coasts’” main geological formations are black marls and clays as well as sand-
stone sands. These formations develop on a varied typology of the coast, including—among
other things—low loose coasts, rocky coasts, concave coasts, etc.

(1) A low coast

This is the most developed type of coastline, spanning from the Wouri estuary and
extending to Kribi for more than 150 km, with an average altitude varying from 0 to 30 m.
Its slopes are gently in contact with the ocean and vary from 0 to 6%. The low coast in
the Campo area, for example, has a flat morphotype typical of large beaches [42], with
a generally uniform profile with no break in the slope. These profiles are characterized
by the area’s flattest swash and surf zones. In the area of the town of Kribi, there are
some marine terraces corresponding to the moderately concave morphotype, presenting a
moderate slope.

(2) The rocky coasts

These coasts are rough and made up of rocky areas with narrow beaches, which
run from Kribi to Campo over nearly 80 km. These beaches were shaped on crystalline
schist fragmenting into large blocks. These shales give a particular aspect to the coastal
landscape of Kribi, which is renowned for its fine sandy beaches. According to Hegge’s [43]
classification of coastal morphotypes, this rocky coast has a very narrow beach and a
relatively steep intertidal zone, sometimes not exceeding 2 m. It is characterized by a strong
step-like break in the subtidal zone. From north to south, the first break in the slope is
located towards the Lobé Falls. It increases from almost 2% to almost 5%. Another break is
present to the north of the Kribi seaport. The coastline profiles shown in Figure 4 illustrate
the complex configuration of the Kribi coast.
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Figure 4. Kribian types and morphotypes of the coast. These figures show an alternation between
sandy low coast (flat and concave morphotype profiles) and rocky coast (stepped profile).

Profile 1 characterizes these relatively small beaches, with a forebeach of less than 10 m
and a swash zone of less than 5 m, and moderate slope breaks along the profile. Profile
2 corresponds to the staircase morphotype. This is a very narrow beach with a relatively
steep intertidal zone. It is characterized by a strong break in the slope in the subtidal zone.
This type of profile can be found at the Lobé Falls in Kribi. Finally, the third profile presents
a flat morphotype characteristic of wide beaches, with a uniform profile with no break
in the slope. These profiles are characterized by the flattest swash and surf zones. The
flattening extends into the submerged area.

2.3.2. The Kienké River and Its Hydrogeomorphological Characteristics

The Kienké is a small river in southern Cameroon that flows into the Atlantic Ocean
near Kribi. With a 190 km length, the Kienké River occupies a catchment area of more than
1435 km? in Kribi, with a flow rate of around 40.5 m3/s [44]. A report [45] characterized the
basins of several rivers on the Kribian coast (with respect to land use, slope, geology, etc.).
It appears that the Kienké is divided into four geomorphological units: altitudes >176 m,
between 177-361 m and 362-595 m, and a last high unit situated between 596-1172 m.
Upstream, the waters of the Kienké flow over a unit with a fairly high average slope (1%o)
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and 1.6%o upstream, which gradually decreases as the river approaches the ocean. The
geology mainly consists of upper and lower gneiss. It is a watershed dominated by a vast
Atlantic Forest, which degrades as one approaches the town of Kribi due to the presence
of the rubber and palm agro-industries. The dominant tree species are Sterculiaceae and
Ulmaceae [46]. The waters of the Kienké, as in the other catchments, have a diffuse flow
upstream on the Kienké massif, with several tributaries, before forming a single channel at
the outlet to the Atlantic Ocean. The flow of this river has a strong seasonal variation. The
former and first Kribi Sea Port was built at its mouth. The city of Kribi spread towards its
two eastern and western banks. There is no element to assess the solid inflows of sediments
by the Kienké River, but the examination of the sounding plans of the Kribi Sea Port seems
to show that the inflows of sand must be relatively low. By analogy with other rivers
in Cameroon, notably the Wouri River in particular, the sand inputs should not exceed
10,000 to 20,000 t/year, i.e., 5000 to 10,000 m? of the materials in place. On the other
hand, the silt inputs could be much greater without having values in kind to quantify
them (10 times more, perhaps). However, the current Kienké transport capacity has been
estimated at 1200 m?®/month [47], and this value is only reached during the rainy season.

2.3.3. The Lobé River and Its Hydrogeomorphological Characteristics

More than 130 km long, the Lobé River has its source in the Ntem massif in the center
of the Campo-Ma’an National Park and joins the ocean through the equatorial forest. Its
mouth, a few kilometers south of Kribi, forms a kind of delta with many small arms that
spread out over 1 km before emerging into the Atlantic Ocean through a series of waterfalls,
the highest of which measures around 15 m (Figure 5). Its watershed is 1940 km? wide
with an estimated flow of 105 m?3/s [48], which varies from 20 m®/s (February) to 300 m3/s
(October) [47]. Sediment transport for the Lobe River is estimated at 11.1 m3/year, with a
strong seasonal variation [47]. The Lobé runs its course on a granite-gneissic base, which
is more or less lateralized, with a maximum altitude of the catchment area of 500 m and
regular forest cover [47].

Figure 5. The Lobé waterfalls, Kribi coast, and the Kienké flowing to the sea by small waterfalls
under the bridge at the Kribi landing stage (Credit: Mbevo, August 2018 and Tchindjang, July 2017).

2.3.4. The Ntem River and Its Hydrogeomorphological Characteristic

The Ntem is a river that serves as a natural border between three states of Central
Africa, namely, Gabon, Equatorial Guinea, and Cameroon. It has its source in the Gabonese
Province of Woleu-Ntem, and it then flows into the Atlantic Ocean in the extreme south
of Cameroon at Campo. Its catchment area is 31,000 km?, with a length of 460 km. Its
average flow rate is 195.3 m3/s [48]. The Ntem watershed has an altimetry that varies
between 524-613 m, and the waters flow on an average slope unit of 0.5%., with very small
areas of breakage [49]. The Ntem sub-basin covers nearly 70% of the waters of the region
that feeds the Atlantic basin, while that of the Lobé covers just 30% [50]. The Ntem River
runs through an ancient crystalline basement whose formation is marked by a significant
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folding phase (Liberian orogeny), which led to the creation of the Ntem Complex. Today,
its extension is limited to southern Cameroon and constitutes the northern borders of the
Congo craton (Archean) [40]. There are granite deposits whose age refers to Precambrian D
(2.7-3 billion years) or Precambrian C (2 to 2.3 Ma.) [50].

2.4. Vegetation on the Kribi Coast

The Kribi coast’s vegetation essentially consists of dense forest and is highly dependent
on paleoclimatic variations. The botanist Letouzey [46] reports the omnipresence of the
Lophira alata species that he linked to past anthropic clearings. There is a certain number
of woody species of great importance such as Okoumé (Aukoumea klaineana) or Azobé
(Lophira alata), which are highly dependent on ancient human occupations. The most
beautiful stands of these two species are once again located around cleared areas or former
occupations [48]. Finally, there are also small pockets of mangroves located in the mouths
of the Kienké, Lobé, and Ntem rivers.

A supervised classification of Landsat images from the years 2000, 2015, and 2020
allowed us to see the evolution of the vegetation cover on the Kribian coast (Figure 6).

Kribi Town

Kribi sea
port

Atlantic

Ocean GO

2000

Projection: Transverse Mercator
Datum: WGS 1984
Unit: Meter

Spatial reference : WGS 1984 UTM Zone 32N

R

Joun

Kribi Town g@’

e, Kribi sea /
Kribi sea *.
: port

port

Atlantic
Ocean

Atlantic

CAMEC) Ocean

T

Agro-industrial plantation - Atlantic forest

- Hydrography

wwwww

B Main town
Data source: Landsat images

0f 2000, 2015 and 2020

Main road

- Settlement

Degraded forest

Figure 6. Evolution of land use on the Kribi-Campo coast between 2000 and 2020.

There is a clear degradation of the vegetation cover and an increase in agro-industrial
plantations and built-up areas. Between 2000 and 2010, the Atlantic Forest declined. This
decline will be consolidated between 2010 and 2020. Urbanization and agro-industrial
activity are therefore the main factors of degradation affecting the Kribian coast (Figure 7).
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Figure 7. Dynamics of the different land use classes between 2000-2020.

2.5. Climate of the Kribi Coast

The Kribian climate is equatorial, humid, and subject to the typical monsoons of
coastal areas [51]. The annual rainfall is about 2900 mm in Kribi. December, January,
and February constitute the long dry season, with an average rainfall of 262 mm, while
September, October, and November belong to the long rainy season, with a more than
1183 mm average rainfall [52]. The area’s temperatures are relatively high: the diurnal
thermal amplitude is 2.42 in Kribi, the maximum temperatures are between 26 to 31 °C,
and the peaks are generally observed in the dry season (December, January, February,
and March). Minimum temperatures fluctuate between 23 and 25 °C) during the rainy
season (April, May, September, and October) (Figure 8). On the Kribian coast, rainfall
has little effect on soil erosion. Indeed, it is a forested area, and the soils are sufficiently
protected. The only places where rainfall has an effect are the areas that have suffered
from degradation/deforestation. With approximately 2900 mm of rain per year, the Kribi
coastline remains one of the least watered, compared to Douala, which receives between
3500 and 4000 mm of rain per year, and Debunscha with approximately 13,000 mm per
year. For this reason, the main factors that amplify coastal erosion on the Kribi coast are
anthropogenic forcings.
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Figure 8. Onbrothermal diagram of Kribi.

2.6. Tide and Sediment Transit on the Kribi Coast

There is evidence that waves and tides are significant factors with respect to the
modeling and reshaping of the coastline. However, the Kribi coastline has one of the lowest
tides compared to other areas such as the Wouri estuary. The average height is 1.2 m [52],
with some variation between the Kribi Sea Port (Mboro) and Lolabé.

The sediment transit for the Kribi coast, according to the Kribi Sea Port data on
four sections, presents a maximum of 140,000 m®/year north of the current Kribi Sea Port
and a minimum of 80,000 m?/year to the south from this port. At the port site, the sediment
transport is estimated at 50,000 m>/year (Figure 5).

2.7. Wind on the Kribian Coast

The analysis of the annual and seasonal boreal wind rose for the continental shelf
region of the Cameroon coast (2-3° N & 5-10° E) from 1960 to 2001 [53], which made it
possible to understand the directions and wind speeds of the Kribi coast. Old data (until
1978) on the winds (month, speed, and direction) around Kribi showed that the highest
speeds are recorded in December, with a value of 20 m/s (Figure 9). The sediment transport
is more influenced by winds blowing from the ocean to the coast, since winds blowing
from the interior to the coast are blocked by the Atlantic Forest. These winds give speed
to the littoral drift and the swell that affect the coast. In the soft coast, the erosion is more
important than in the rocky one.
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Figure 9. Coastal drift and sediment transport on a portion of the Kribi coast (Source: [54]).

Recent wind data around Kribi [55] confirm this influence of seasonality. Between De-
cember, January, and February, the prevailing winds were from the SW direction (24 km/h),
S (16 km/h), and SSW (14 km /h), respectively. The same trend continued in March, April,
and May, with the only difference that the W winds (16 km/h) appeared and those from
the S decreased in intensity (8 km/h). Between June and August, SW (24 km/h) and SSW
(24 km/h) winds were dominant, followed by SWS and S winds. In September, October,
and November, SW winds regained the upper hand, with a greater force of 24 km/h,
followed by WSW (16 km/h) and SSW (16 km/h) winds. An annual summary shows that
the SW winds are dominant [56].

These winds correspond to the trade winds (regular winds in the intertropical regions
between 23-27° N and 23-27° S). They regularly blow from east to west, from the subtropi-
cal high pressures (subtropical ridge) to the equatorial low pressures (convergence zone
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intertropical), and they are very active in the Gulf of Guinea [55]. They mainly take place
from December to March (dry season).

2.8. Marine Currents around the Kribi Coastline

The main current at work on the Cameroonian coast is the coastal drift. Its orientation is
South-North for the entire Cameroonian coast and it is essentially conditioned by the waves
generated by the local SW-oriented wind and by the swells of long periods, which affect the
whole West African coast and originate in southern latitudes (45-60°) [56,57]. Two types of
swells are identified [58]. The one oriented NNW is generated by the easterly winds in the
region of western Namibia. The other is generated by the westerly winds in the southern
Atlantic Ocean around latitudes 50° S [56]. The height of the swell varies significantly, with
a maximum from June-August and a minimum from December-February [56]. On the
Kribi coast specifically, these currents are relatively weak, with variations depending on
the site. A series of three measurements was made around the Kribi port site (1st, 2nd,
3rd). The results obtained show little variation in the speed of the currents: from 0.3 m/s to
0.6 m/s. (Figure 10). It can be concluded from the third measurement that the shape of the
Kribi coastline influences the direction and speed of the currents.

Currents (m/s)

0.00-0.10
0.10-0.20

= 020-030
= 030-04
' y AN - 020-05
Vo di - 050-060
- 060-070
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Weaks currents
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WO TR SR
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) Impact of the Swell . . —
South North  Mean direction of L 1 1
~—» North South  breaking currents Google Earth Image Coordinates: WGS 84 - UTM 32N

Figure 10. Speed of currents affecting the Kribi coastline (Source: [54]).

All in all, this coastal area is subject to the action of large swells, and the materials
brought by the rivers (sands and kaolin clays, etc.) are taken up by the south-north coastal
drift and by a west—west coastal current (swell) [55]. (Data from the Kribi Sea Port [54].)
Sediment transport on the coastal section of Kribi was significant between 1992 and 2008
(Figure 11). From 1992-1993, the rate of sediment transit was around 100,000 m?/year,
which fell slightly to about 90,000 m3/year between 1994-1996. A peak was observed in
1997, with a sediment transit of 140,000 m3/ year (Figure 11).
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Figure 11. Sediment transport by littoral drift on the Kribi coast (Source: Kribi sea port [54]).

The above data reveal that the sedimentation of the Kribi coast is taking place and is
exacerbated by the implementation of the Kribi Sea Port (we will use the French acronym
PAK). Indeed, sedimentation was generally present on the Kribian and Cameroonian
coastline [53]. However, since the beginning of the port’s construction in 2007, this sedi-
mentation seems to have increased, given the hydro-sedimentary disturbances observed in
situ. Thus, there is a high accumulation of sediment to the south of the harbor due to the
presence of the harbor’s protection dam. This should be confirmed through the analysis
of the bathymetric configuration of the Cameroonian coast to understand its influence on
marine processes.

2.9. Bathymetric Configuration in the Kribi Area

Characteristic of coasts with a straight profile and rocky structures, the Kribi coastline
presents a consistent bathymetric variation from the open sea towards the coast. The lowest
values can be recorded at the mouth of the Kienké River (Figure 12), which is more than
8 m in depth and about 3 km in width. The depths on the shore increase when moving
longitudinally to the south. From the mouth of the Lobé to the PAK site, the dominant
bathymetric values are between 10, 14, and 16 m, with a more than 2.5 km width at the
mouth of the Lobé, 5 km at Mahale, 9 km at Eboundja II, and 3 km at the PAK site. These
values increase when moving offshore to more than 30 m depth (Figure 12).
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Figure 12. Bathymetric configuration of the Kribi coastline (Source: DEM and digitized navionic
bathymetric map).

These natural forcing factors are determinants of the current observed dynamics of the
Cameroonian coast and have a great influence on the sedimentary load and coastal erosion.

3. Materials and Methods
3.1. Land Cover Mapping

The land cover mapping was based on supervised classification of Landsat images
from 2000, 2010, and 2020. After importing and assembling the bands in the Erdas Imagine®
2014 software (sold by Intergraph (Madison, AL, USA) in the United States), radiometric
corrections were applied to the different images. Supervised classification was performed
following the maximum likelihood algorithm. Table 1 shows the characteristics of the
images used.

Table 1. Characteristics of processed Landsat images.

Date Path and Row Resolution = Radiometry Sensor Season Purpose

1973/11/27 LMO3_L1TP_201057 30m 8 bits Mss Dry Extraction of the coastline

2000/11/6  LE7 186057 30 m 8 bits ETM Dry Extraction of the coastline and
Land use classification

2015/02/01 LE7 186056 30m 8 bits ETM Dry Extraction of the coastline and
Land use classification

2020/02/21  LCOS 187 057 30/15m 16 bits L8/OLI  Dry Extraction of the coastline and

Land use classification

3.2. Mapping of the Coastal Kinematics of Kribi

The mapping of coastal kinematics was performed at large and small scales. The first
mapping procedure one considered the entire Kribian coastline, from the north of the city
of Kribi to the south at Campo, using Landsat images (Table 1). The second focused on the
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northern and southern parts of the Kribi seaport. Therefore, two sources of remote-sensing
data were used. The first source consisted of Landsat images with an average spatial
resolution of 30 m.

The latter used Google Earth aerial photos (0.5 m) and Pleiades very high-resolution
images (0.5 m) (Table 2). Both data sources aided in detecting and mapping coastline
variations and erosion on the Kribi coast—at different spatial resolutions—in order to more
accurately compare and draw conclusions. The types of software used for these processing
operations were Erdas Imagine v14, ARCMAP v10.5 under ARCGIS v10.5, and Digital
Shoreline Analysis Systems (DSAS v5), made by ESRI (Redlands, CA, USA).

Table 2. Characteristics of the processed Pleiades images.

Properties Characteristics

Area Kribi Pleiades Images 1

Image capture date 15 June 2013

Spatial Resolution 0.5m

Sensor Pleiades

1D DS_PHR1B_201306150956399_SE1_PX_E009N02_1118_01728
Area Kribi Pleiades Images 2

Image capture date 12 March 2016

Spatial Resolution 0.5 m

Sensor Pleiades

ID DS_PHR1A_201603120955019_FR1_PX_E009N02_1120_03618
Area Kribi Pleiades Images 3

Image capture date 23 February 2019

Spatial Resolution 0.5m

Sensor Pleiades

ID DS_PHR1A_201902231003214_FR1_PX_E009N02_1015_03204
Kribi Google Earth Images 1 and 2

Image capture date 23/11/2015 and 03/05/2017

Spatial Resolution 0.5m

3.2.1. Pretreatments under Erdas Imagine

Preprocessing under Erdas Imagine vi4

The preprocessing scheme under Erdas consisted in making radiometric corrections
of the selected Landsat images. These corrections had several purposes: resampling, haze
reduction, and periodic noise elimination.

Resampling (Resolution Merge)

This process was applied to the 1973 Landsat images to reduce the spatial resolu-
tion from 60 m to 30 m in order to make this image compatible with other images from
different sensors.

Correction of Atmospheric Noise (Haze Reduction)

This operation made it possible to reduce atmospheric errors of Landsat images as
much as possible, without degrading the pixels. Such errors include mist, clouds, etc.
For multispectral images, this method was based on a transformation that produces a
component correlated with the haze.

Periodic Noise Elimination

It is this form of correction that eliminates tide-related errors in an image. The input
image is first divided into overlapping blocks of 128 by 128 pixels. The Fourier transform
of each block is calculated and the logarithms of each block are averaged.



Land 2022, 11, 1557

16 of 35

3.2.2. Processing under ArcMap/DSAS

Coastline Extraction under ArcMap 10.5

Coastline definition is not an easy task because confusion appears between this notion
and the shoreline [59]. The coastline is simply defined as the dividing line between sea and
land [60]. Depending on the type of coast considered and as soon as we seek to draw this
“limit”, the notion of coastline becomes more complex and can be characterized in different
ways, using several markers, and depending on the data available such as: (1) the limit of
vegetation and (2) intersection line of the topographic surface with the level of the highest
astronomical seas [61,62].

In the context of this study, it appears that the Kribi coast has a contrasting morphology
as illustrated above (Figure 4). It alternates between rocky and soft coasts, with a straight
profile; therefore, the coastline has varied in the linear analysis (Figure 4). We opted for
the wet sand boundary, as did a similar study based on Landsat images by the authors
of [63]. The rectilinear nature of the Kribi coastal profile allows for this boundary line to be
remarkably visualized on the images, whether at high or low spatial resolutions.
Treatment Operations under DSAS v5

There are four main operations under DSAS v5 (made by United States Geological
Survey, Reston, VA, USA) [64,65]: (1) Parameterization of the baseline and the shoreline,
(2) Definition of transects, (3) Statistical analysis, and (4) Calculation of uncertainties
and errors.

To succeed in these operations, we first defined transects’ length (1000 m) and spacing
between them (200 m) and set the shoreline [64,65], which were generated automatically.
These transects are equidistant and perpendicular to the baseline. A pixel error corre-
sponding to the resolution of each image was defined (30 m for Landsat images and 0.5 for
Pleiades and Google Earth images). Regarding statistical analysis, DSAS uses several
statistical techniques known as end point rate (EPR) method to compare the positions of
the coastline over time to estimate the evolution of the coastline [64,65]. As shown by
Equation (1), it is the distance on the transect between the two most recent and oldest
coastlines divided by the number of years separating these coastlines [64].

R=D/T, (1)

R is the speed in meters per year (m/year), D is the distance in meters, and T, is the time
elapsed between the oldest and the most recent coastline (years). The EPR still works even
though only two coastlines are used to analyze the evolution [64].

Uncertainties and errors calculated can be grouped into four types: pixel errors (Ep),
those related to the extraction of coastlines, digitizing (Ed), and planimetric (EP) [11]. These
types of errors seem random and cannot appear automatically on all images. Their sum
is determined by the total value of the errors (Et), which is equal to the square root of the
different errors (Equation (2) from [64]).

ET = +/Ep? + ERMs? + Ed2 + EP? ?)

The total error was estimated from three sources (Table 3): (i) the total shoreline
position error was calculated for three periods; (ii) the measured transect error (Em) and
annualized error (Ea) associated with the rate of shoreline change at a given transect, which
was calculated over three time periods (1973-2000; 2000-2016; 2016-2020); and over a
period, the annualized error was calculated using the following equation [66—68]:

L VE#12 + Et22 + Et3?
~ Total period (years)

®)
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Table 3. Errors related to the erosion model on the Kribi coast.

Years 1973-2000 2000-2015 2015-2020 1973-2020
Pixel error (Ep) 2 5 / /
RMS ortho-rectification (ERMs) 15 22 12 11
Digitalization error (Ed) 7 15 /
Planimetric error (EP) / 23 23
Total error (Et) 15 38 10 14
Measured errors (Em) (m) 42 56 30 29
Annual error (Ea) (m/45 years) / 0.65 / 0.65
Uncertainties in Calculations (ECI) 5 79 052 043
(m/year)

Source: Statistical calculations in DSAS.

Figure 13 combines all the technical tools and methodological steps used to achieve
the results that will be the subject of the following paragraphs.

SYNTHESIS OF THE COASTAL EROSION MAPPING METHOD

- Landsat
- -
Pleiades and
- Google Earth
image A

Mosaic of Radiometric Unsupervised Semi-automatic
different Landsat correction in classification in extraction of
bands Erdas imagine ® ArcGis 10.5® coastlines
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Transects Characterization of Calculation of end
Calculation using shoreline changes point rate (EPR)

calculation of DSAS using DSAS using DSAS
errors in DSAS

Figure 13. Flow Chart of tools and techniques used in assessing the Kribian coastal dynamic.

4. Main Findings and Interpretations
4.1. Modeling Coastal Erosion on the Kribi Coast
4.1.1. Large-Scale Modeling Using Landsat Images from 1973-2020

This modeling revolves around three major moments: before, during, and after the
installation of the Kribi Sea Port (KSP). Retreat and accretion values between —5 m and 5 m
are considered stable for observing erosion [65]. Diagrams showing the coastline dynamics
were designed and are associated with the different figures.
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Coastline Dynamics before the Construction of the PAK (1973-2000, i.e., 27 Years)

Prior to the establishment of the PAK, the analysis of the Landsat images from the
period from 1973 to 2000 shows that the Kribi coastline had virtually no erosion sectors. It
recorded an accretion on a significant slice of its linear dimension. Even the current PAK
site was stable. The coastline is largely marked by stability (Figure 14).
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Figure 14. Rate of change (meters per year) in Kribi coastal erosion between 1973-2000. The figure
was obtained with DSAS, from the linear extracted from Landsat images. The coastlines are divided
into 1909 transects separated by 50 m. The cartographic representation is on the left. The graphic
representation is on the right, with the number of transects on the ordinate axis, and the EPR in
m/year on the abscissa axis.

An average accretion rate of +0.4 m/year and an accretion rate of 1.5 was determined.
The accretion peak is situated in the area where the PAK is located, at about 5 m/year,
followed by the Lolabé area (3.5 m/year) and Ebodjé (2.6 m/year). The erosion marks are



Land 2022, 11, 1557

19 of 35

disparate. At Etondéfon, we observe a decline rate of 2.1 m/year. In Eboundja, the retreat
speeds are 1.8 m/year. Conclusively, all these values are less than —5, which implies the
absence of real erosion. This coastline’s stability during this 27-year period may be due
to several factors. Firstly, the lack of urbanization allows the area to maintain its natural
character. Secondly, the presence of the forest constitutes a natural barrier to any erosion.
Thirdly, the main rivers (Kienké and Lobé€) feeding the littoral drift (from the South to the
North) do not experience wide sedimentary hindrances such as dams.
Coastline Dynamics during the Construction of the PAK (2000-2015, i.e., 15 Years)

During the period from 20002015, there was a regressive coastline dynamic, unlike in
previous years. This took place at three essential points: towards the Lobé falls, around the
PAK, and towards the locality of Etondé Fang (Figure 15).
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Figure 15. Coastal erosion on the Kribi coast in EPR (m/year) between 2000 and 2015 obtained with
DSAS, through linear data extracted from Landsat images.
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An average retreat of 0.9 m/year was calculated for this period with an accretion rate
of 0.2. There was a decline of about 7 m/year at the level of the Lobé falls and a significant
retreat of the coastline at the PAK site, with a regression of more than 35 m. Finally, the
locality of Etondé Fang experienced a decline of —6 m/year (Figure 15). The other declines
seem less significant: Doum Essimendjang (—3 m/year), Ebodjé (—1 m/year), south of
Mboro (—4 m/year), and north of the urban center (—2 m/year). Accretion marks were also
observed from the linear data, from North to South. A slight accretion was observed near
Campo (13 m/year) and at Tondéfon (6 m/year). Other, less significant accretions were
observed towards the South of Campo (approximately +2 m/year), Malabe (+2 m/year),
Mboro (+4 m/year), and further north towards the town of Kribi (+3 m/year) and Ebomé
(+4 m/year).

Coastline Dynamics under the PAK Implantation and Management (2015-2020)

An almost generalized erosion on the Kribi coast also marks this period, characterized
by the beginning of the activities of the Kribi Sea Port. It is accentuated upstream and down-
stream of the PAK because of the second phase of Kribi Sea Port’s developments marked
by deforestation in many areas such as Lolabé, Lohendje, and up to Ebodjé (Figure 16).
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Figure 16. Coastal erosion on the Kribi coast with respect to speed (meters per year) between 2015
and 2020 obtained with DSAS, from linear data extracted from Landsat images.
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This output image shows that coastal erosion has intensified on the Kribi coastline. An
average retreat of —2 m/year was quantified, against an average accretion of 1 m/year. The
Campo area in the South records a decline of 15 m/year. The peak of regression is around
the Lobé falls, with a decline of about —32 m/year. Indeed, in this area, there is a spit before
the Lobé falls, which would trap sediments coming from the south. This probably explains
why there is an accretion peak of +30 m/year in the same place. In addition, a significant
accretion was visible south of Kribi city, with about +15 m/year. Between the PAK and
Lolabé village, an accretion of more than 15 m/year was measured, corresponding to the
coastal dyke protecting the seaport. This zone constitutes a place for the accumulation of
the sediments trapped by the aforementioned dyke. Conclusively, the Kribian coastline
evolved in a saw-toothed manner between 2015 and 2020. The sections of erosion succeed
those of accretion and stability. This is due to the very nature of the Kribi coastline, which
alternates between soft and rocky coasts.

These results obtained from Landsat images with a 30 m resolution show the effective-
ness of coastal erosion on the Kribian coastline, with an average retreat of —1.3 m/year and
an average accretion of +0.9 m/year between 1973 and 2020. These retreat and accretion
values (+1.3 m/year and +0.9 m/year) obtained from the Landsat images’ processing are
reliable insofar as they are above the total error value which is +0.65 (Table 3). A previous
study [11] has used the same methods. Globally, 72.32% of the coastline remained stable,
+1.3% is experiencing accretion, and —26.33% is experiencing erosion. However, the spatial
resolution of the Landsat images is low; for this reason, we used very high-resolution
images (the Pleiades and Google Earth) to refine these results. Given that these images
are not available for the entire Kribi coastline, these in-depth analyses will focus on the
northern and southern parts of the Kribi seaport.

4.1.2. Modeling of Small-Scale Coastal Erosion in Kribi, Using Pleiades Images and Google
Earth Aerial Photos

Pleiades images and Google Earth aerial photos with a 0.5 m resolution have made it
possible to refine the mapping of coastal erosion on the Kribi coast, specifically in the areas
upstream and downstream of the PAK.

Coastline Dynamics in EPR (m/year) from Google Earth Aerial Photos (2015) and Pleiades Images
(2013-2016, i.e., 3 Years)

This small-scale and very high-resolution processing confirms the ongoing erosion
of the Kribi coast, previously highlighted by Landsat images. Between 2013 and 2016, the
pockets of erosion remained concentrated in the southern part of the PAK and its northern
end, towards the Lobé falls. Accreting and stable sections dominate the northern part of the
PAK and a weak southern part. Overall, 61% of the linear data are experiencing accretion,
28% are experiencing erosion, and only 11% is stable (Figure 17).

In this three-year period, the erosion peak was about 6 km north of the PAK site, with
a decline of —25 m/year. The average decline was estimated at +4 m/year over the entire
area, with an accretion rate of +3.16 m/year. In terms of accretion, the peak was south of
the Lolabé village, with a value of about +17 m/year.

Thus, coastal erosion is active on the Kribi coast. It has intensified since the imple-
mentation of the Kribi industrial-port complex (CIPK) project, of which the PAK is a major
component. High-spatial resolution mapping has made it possible to better visualize this
erosion and to correct as much as possible the imperfections of the mapping carried out
with low-resolution Landsat images.
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Figure 17. Coastline dynamics in Kribi between 2013 and 2016, obtained with DSAS from linear
extracts of Pleiades images. Coastlines were divided into 463 transects separated by 50 m each; on
the left, there is a cartographic representation, and a graphic representation is on the right, with the
number of transects on the ordinate and the EPR in m/year on the abscissa.

Coastline Dynamics in EPR (m/year) from Google Earth Image (2017) and Pleiades Images
(2016-2019, i.e.)

This temporal space, which saw the entry into the function of the PAK, is marked by a
stabilization of the coastline in the southern part of the PAK, and an accentuation of coastal
erosion in the northern part. From north to south, erosion is present but at a low rate of
retreat. The accretion situations are isolated. They are located to the north before the Lobé
falls and to the south around Lolabé and Lohendje. On the other hand, the stable zones are
dominant (Figure 18). The output image shows that more than 71% of the Kribian coastline
is stable, 25% is experiencing erosion, and only 4% is experiencing accretion.



Land 2022, 11, 1557

23 of 35

9°5320"E

Keys

Localities
2016-2019 EPR (m/an)
- EPR <=-20 ]

o — 20 < EPR <= — 15
" — 15 <EPR<=— 10
— 10 <EPR <= — 5 el
—5<EPR<=5 j
5<EPR<=10 —

2°46'40°N

10<EPR <= 15
w15 < EPR <= 20
- 20 < EPR

2°46'40°N

Accretion Stable Erosion

- Hydrography
Altimetry (m)
Bl s«
B 41-72
[173-110
[ 11-183
I 184 - 521

2°4320°N
2°4320"N

~ Data source:
. Pleiade Image
0of 2016 & 2019
Google Earth
image, 2017

- op

8 ‘ » ] 9°5320'E

4 B

-10
15

Figure 18. Coastline dynamics in Kribi between 2016 and 2019 from Pleiades images (2016-2019) and
a Google Earth aerial photo (2017) (the Southern part corresponds to transect 1).

From south to north, the greatest decline was estimated at —35 m/year and —75 m/year
south of Lohendje village. An average retreat of —13.8 m/year was calculated for this
period with an accretion rate of +11 m/an. To the south and north of Lolabé, the regression
reaches —70 m/year and —45 m/year, respectively. This area corresponds to the first PAK
extension site currently being developed. Close to the current site of the PAK, the erosion
of a small spatial extent was evaluated at —10 m/year. This also corresponds to the site
being developed for the phase two extension of the Kribi seaport. In the South of Nlendé
Dibé, the decline is estimated at —10 m/year.

The accretion peak is located in the northern part of Nlendé Dibé village, just before the
Lobé falls, with a record value of around +80 m/year. Such accretion is due to the presence
of a small spit that has trapped sediments in transit towards the north. The Boussibélika
village is experiencing a +10 m/year accretion corresponding to the accumulation site
of rock fragments and other sediments linked to the development of the current PAK
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since 2007. The southern part of the PAK site also presents an accretion of +15 m/year
downstream of the protection dyke and this can be explained by the deposit of sediments
trapped by the protection of the PAK.

Based on very high-resolution images, between 2013 and 2019, the average retreat of
the Kribian coastline is —8.5 m/year, and the average accretion is about 7 m/year. However,
there is a wide disparity in terms of recession and accretion. The Landsat images, due to
their spatial resolution, tend to minimize the values of recession and accretion although the
spatial repair of accretion, erosion, and stability areas are almost similar between the two
data sources.

For the entire coastline, three main areas present worrying levels of erosion and require
priority intervention due to anthropogenic forcings.

e Londji beach, because of coastal tourism and a high human population density up
to the seafront, which is itself reduced, thereby implying a great exposure to human,
societal, economic, and environmental issues.

e  The Kribi Plaza bridge facing the Kribi Bilingual High School, where erosion is linked
to high-density housing and equipment (high school) as well as infrastructure (national
road N°7). With a poor management system, the collapse of the national N°7 will
impact the mobility of goods and people.

e Bongadoué and Tara Beach are areas with extensive hotel facilities and an uncontrolled
exploitation of sand.

4.2. Sustainable Management of Coastal Erosion on the Kribi Coast: Current Status and Prospects

The coastal erosion data show the weakening of the Kribian coastline since the con-
struction and implementation of the Kribi Sea Port. The observations made raise the
problems of the sustainable management of the coastal space for which there have been
various initiatives taken by different actors to mitigate or solve this worrying situation.

4.2.1. Current Status of Coastal Erosion Management on the Kribi Coastline

The Cameroonian government, non-governmental organizations (NGOs), and local
populations have taken initiatives to combat coastal erosion on the Kribi coast.
Measures Undertaken by the State: Construction of Buildings to Protect Against Coastal Erosion
in Kribi

Sustainably managing natural risks in Kribi city certainly entails considering measures
likely to curb their harmful effects. These measures range from tested and approved
accommodations to the operationalization of existing laws in the field. In 2012, a dyke was
built to protect the Lobé Falls against coastal erosion (Figure 19). Indeed, the erosion at
the level of the soft shore of the Lobé falls originates from the upwelling of sea currents
resulting from the construction of the PAK. This initiative was salutary although limited
given the interest in the Lobé Waterfalls coveted by UNESCO as a World Heritage site.

Figure 19. Construction of a protective dyke at the Lobé waterfalls in Kribi. (Credit: Mbevo, 2017;
Tchindjang, 2013).
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Protection of the banks against marine erosion

Unfortunately, the dyke did not resist erosion by upwelling currents. The dyke was
dismantled in 2017 by the phenomenon it was supposed to fight against. Such a situation
raised a question: why do protective measures and structures that are so expensive have
such a short lifespan in Cameroon?

Pursue the Ngoye-Kribi Beach Development and Electrification Project

Kribi would benefit from promoting the sustainable city initiative. Tourist develop-
ment will simultaneously preserve the natural assets of this city while promoting economic
profitability. It could also increase the competitiveness of the tourism sector (seaside) in
Cameroon through international-type attractions, which are very popular with Western
tourists. In order to preserve the environment and the rights of local populations, a Re-
gional Environmental assessment (REA) was developed in 2008 by Royal Haskoning and
the Environmental and Social Impact Assessment (ESIA). Many more projects were realized
later (between 2012 and 2016).

Local Response Strategies

The local populations of the Kribi coast, faced with the aggressive nature of the sea,
have taken action to deal with the phenomenon. These initiatives, far from being the most
appropriate and effective, at least make it possible to maintain security around their wealth
and assets. They can be summarized by the arrangement of a stony cordon (Figure 20).

Fighting against marine erosion Construction of a protective stone bund in Mboamanga

Figure 20. Coastal Erosion at work on the Kribi coastline and ineffective local response measures
(Source: CUK 2015).

Non-Governmental Organizations (NGOs) Measures

In the Kribi-Campo area, the Organization for the Environment and Sustainable Devel-
opment (OPED), funded by the African Development Bank (AfDB), has conducted studies
on reducing the rate of mangrove degradation by improving fish-smoking technologies.
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This action led to a reduction of around 60% of cut mangrove wood, with the construction
of 185 improved smokehouses [33]. In the Rio Ntem estuary (South Cameroon), the FAO
launched a project called “sustainable community management and conservation of man-
grove ecosystems”. This project has allowed for the reforestation of more than 1000 hectares
of mangroves. Overall, these initiatives seem to be ineffective, hence the need to consider
other more appropriate measures capable of significantly reducing the harmful impacts of
coastal erosion on the Kribi coast.

4.2.2. What Measures Should Be Considered on the Coastline?

The Study Mission for Ocean Planning (MEAO) organized a brainstorming work-
shop on sustainable coastal erosion management strategies in Kribi, bringing together
Cameroonian experts in the field, and the following measures have been adopted.

e Limit the sand extraction from the beach. For this measure, it is necessary (i) to
sensitize the mining actors and the consumers of sand with respect to the question of
coastal erosion (its harmful effects); (ii) and to inform such actors and consumers of the
nature of the sea sand, which is not suitable for construction. This sensitization needs
to be accompanied by alternative activities, either through association or through
technical, financial, and material support.

e Promote a policy on the regeneration of coastal mangroves. There is already an
experimental phase in Londji and Ebodje that has succeeded. It would be interesting
to replicate it elsewhere in a participatory and integrated grassroots approach. Such
an approach seems appropriate for areas of low vulnerability.

Execute the territorial restructuring and relocation of populations occupying the seafront.
Implement the rockfill approach, which requires the availability of supply points for
rock material. This will promote the establishment of sediment accumulation zones.

5. Discussion
5.1. Coastline Dynamic

Finally, it should be noted that the recoil values put forward in this work remain to be
put into perspective. The coastline extraction, which was based on a semi-automatic and
manual method, based on Landsat images, took wet sand as the limit [66]. That assumes
that the action of the tide constantly influences the coastal line. Consequently, to obtain a
more plausible idea, the use of Pleiades images with a finer spatial resolution was beneficial,
as confirmed by a recent report [69].

In Kribi, in addition to the results of the 2007 research [8], the measurements from
studies commissioned by the PAK [70] also show very strong coastal dynamics, with
migrations of the coastline of the order of several tens of meters (10-30 m on average) in
5-7 years (2003-2010), with accretion dominating the period from 2003-2010 and erosion
dominating the period from 2010-2015/16. These studies, based on the analysis of Quicbird,
Ikonos, Worldview, and GeoEye images (0.35 to 1 m spatial resolution), confirm our
observations between 2003 and 2010. These erosions lead to significant sedimentary
reworking, which can rapidly remodel (in less than 5 years) sandy forms in the estuaries.

In some African coastal countries, there are works dealing with the kinematics of the
cost but performed with field measurements or at least low-resolution images.

Thus, in the southwest of the Ivory Coast, the coastal perimeter of San-Pédro and the
beach segment of Assouindé Valtour are experiencing critical natural regressive evolutions
of the shoreline and are subject to the impact of developments. Thus, they were subjected
to a morpho-sedimentary study [71]. The assessment of the morpho-dynamic follow-up
in the medium and long term (2008-2012 and 1985-2012) showed an estimated decline of
0.5-1 m/year over the long term and more than 4 m/year over the short term. The same
phenomenon was observed in Senegal at the De Guédiawaye and Malika beaches in 2021,
with an estimate of —0.15 m/year from 1942 to 2011 from Landsat images using DSAS [72].

Aerial photos (1979-1989) and field data (2007-2009) also show that the rate of erosion
of the bay of Port-Bouet and the beaches of Assinie, which generally does not exceed
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1.5 m/year [73], is exacerbated for short periods by violent swells that originate in the
South Atlantic Ocean (2.3-18 m in a tidal cycle). In Mauritania, the coastline varied from
—20.91 m/year to 22.95 m/year between 1978-1988 and 1988-1999 according to Landsat
image processing [74].

In Libreville, the measurement of erosion phenomena on the northern coast and the
monitoring of the morpho-sedimentary dynamics of intertidal sandy beaches has been
the subject of a thesis carried out with in situ measurements [75]. The results show that
between 1977 and 2013, the shoreline motion reveals variation rates from —2.07 m/year to
+1.78 m/year. These rates correspond to 83% eroded beaches against 17% that are accreted.
The results show declines between —2 and —12 m between 2012 and 2015, evidence of
accelerated erosion due to anthropogenic forcing over short periods, as in San Pedro
and Kribi.

Other authors [76] have analyzed the evolution of the Kribi shoreline and have been
able to establish that this coastline is undergoing undeniable changes due to the phenomena
of the fattening and thinning of the beach. This dynamic is manifested by changes in the
coastal morphology, with the main consequence being “the shrinking of tourist recreational
areas and the erosion of the coconut grove at the top of the beach”. The rate of erosion at
these locations is estimated at 13.9 cm per year. The average displacement of the shoreline
over all the zones is around 17 cm/year on the Kribi shore.

Unlike the Wouri estuary, which has benefited from earlier more detailed work, the
Kribi coastline has not yet been the subject of an in-depth study on coastal erosion. There-
fore, the results provided by this study constitute the current basis for observing erosion on
this coastal strip in the midst of spatial change.

The erosion phenomenon on the Cameroonian coast can be explained by several factors.
Each section of the coastline has its explanatory factors. Indeed, the hydro-sedimentary
transit is disturbed by human installations and some physical parameters. The findings
that emerge from the previous analyses concern the distribution of erosion on almost the
entire Kribi coastline in 2020, although the rate of decline is low. Field observations made
in 2014, 2015, and very recently in May 2019 during the internship carried out at the Study
Mission for Ocean Planning (MEAQO)—the testimony of people who have lived for a long
time in the intertidal space—further support these findings.

5.2. The Construction of Kribi Sea Port (PAK) and the Rise of Coastal Erosion

The Kribi Sea Port (PAK) project consists of the development of an Industrial-Port
complex in Kribi (CIPK), including the construction of a seaport, the fitting out and devel-
opment of industrial and logistics areas, and the new town, which could house more than
100,000 people when the commercial port has reached full activity. In this gigantic project,
the portion of coastal land to be stripped is 26,000 ha. Similarly, the previous channel,
which was 600 m long and 200 m wide with a coast 15 m deep, experienced an extension
of the south dyke to the north with new characteristics: it was 1200 m long, 200 m wide,
and 15 m deep, while maintaining the same orientation of 125° at the entrance and 305°
at the exit [54]. In addition to this, the construction of the main protective dyke with a
length of 1850 m constitutes a real sediment trap and is therefore an amplifying factor of
coastal erosion.

The building of this dyke thus influences sediment transit. Indeed, the sediments
mobilized by the coastal drift (in a south—north orientation) are trapped downstream of
the PAK by its dyke. The visualization of aerial photos posted on Google Earth makes it
possible to observe the phenomenon described (Figure 21).
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Figure 21. Google Earth aerial photo of the PAK in 2017 showing fattening south of the port and
thinning to the north, where the beach has disappeared, and the forest has begun to be attacked
by waves at high tide. The littoral drift runs from south to north and is interrupted by the dyke,
generating this situation.

Finally, the construction of the port of Kribi also generated changes in land use.
Two Landsat images from 2004 and 2020 reflecting the state of the environment and the
territorial dynamics induced by the construction of the PAK (Figure 22) have been shown.
The destruction of the vegetation cover that serves as a natural barrier weakens the coastline
and exposes it to coastal erosion.
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Figure 22. Landsat satellite images from 2004 on the left and from 2020 on the right show the
deforestation induced by the construction of the PAK on the Kribi coastal environment.
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5.3. Sand Mining and Coastal Erosion

Despite the denunciations and catastrophic situations observed in the Caribbean [77];
in West Africa in Togo [13,78], Sierra Leone [79], and Senegal [80]; and in Central Africa/
Cameroon [81,82], the extraction of sea sand continues to weigh on African and Cameroo-
nian beaches in particular. The extraction of sand induces a thinning of the beaches, a
deepening of the water column, and therefore the greater erosive action of the waves.
This is the case on the Kribi coasts where the exploitation of sand beaches for economic
purposes (Figure 23) contributes to the aggravation of erosion despite the prohibition of
this activity [8,80].

Even if the erosion of the Cameroonian shore is largely due to the activities of the
PAK, elsewhere in Senegal, on the other hand, the observations made in situ in recent years
(1990-2003) by the owners of tourist camps show a withdrawal of the line of coast of the
order of 15 m/year [83] (linked to sand mining), which was calculated in relation to the
property limits or the position of the well. The establishment of sand mining at Pointe
Saréne beach has therefore significantly modified the sediment balance of the area, causing
an increase in erosion throughout the sector.

Figure 23. Artisanal and industrial sand extraction on the Kribi coast. (Credit: Mbevo, May
2019, Tchindjang, March 2013). This photo board confirms the significant extraction of sand on
the Kribi coast.

5.4. Deforestation and Coastal Erosion

Traditionally, it is thought that only mangroves protect these coasts [84,85]. However,
the coastal forest also plays a decisive role [86,87]. On the Kribian coast, the reduction of
small pockets of mangroves on the littoral zone has affected the stabilization of this zone.
Similarly, the destruction of the littoral forest, linked to development projects, significantly
exposes the Kribi littoral zone to erosion. This is particularly well demonstrated on the
first site chosen for the establishment of the Douala Sea Port, where complete deforestation
was carried out. Significant erosion is underway at this site. At the current site of the
Kribi Sea Port, despite the construction of a dyke, erosion is still locally threatening. These
inappropriate human interventions currently constitute a worrying and significant threat
to the environment [82,88].
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5.5. Urbanization, Population Growth, and Coastal Erosion

Kribi city is experiencing significant spatial and demographic growth, which impacts
the dynamics of the environment. The high demand for housing leads to the extraction of
sand, while the supply of river sediment is low on this coastal portion. This removal of
sand from the beaches will induce an increase in their slope and therefore an increase in
the erosive action of the waves during breaking, which leads to a reduction in the beaches’
area. This is amplified by the construction on the beach; the erosion by the waves increases,
and the sediment transit between the back beach and the beach is reduced. Authors
documenting the coast of Algiers [89,90] also mention that erosion related to urbanization
will have consequences on the retreat of the coastline.

5.6. Hotel Activity Impact on the Sea and Coastal Erosion

Douala Metropolis, the largest coastal city in Cameroon, is experiencing accelerated
urbanization. As Kribi (a medium-sized city) is concerned, its spatial extension has been
developed to the detriment of the mangroves and another Atlantic Forest that constitutes a
form of natural protection against erosion [91]. This urban development correlates with
tourist activity, which is booming in this area as evidenced by the arrival of many national
and international tourists. The walls and dams built to protect hotels—far from stopping
it—accentuate erosion [85]. This situation will be amplified with the implementation of
the project to electrify and develop Ngoye beach for tourist purposes [86]. Moreover, Kribi
already occupies the second place on the chessboard regarding the stay of the customers [92].
The Lobé falls are the main point of attraction [93].

Hotel activities also lead to strong land speculation on the Kribi coast. Such a situation
explains why the land belonging to the private domain of the state is sold and transformed
into a hotel establishment. Foundation pillars can be observed hugging the shore and
disturbing the hydro-sedimentary dynamics in situ (Figure 24).

Figure 24. Land pressure on the coast in Kribi. The photo on the left shows the foundation of a private
hotel in Kribi, directly built on the coastline (titled land—feet in the water—for sale). The photo on
the right was taken —10 m from the shoreline. Indeed, since the entry into office of the PAK, there
has been a major land race in this city, which has become the new growth pole of Cameroon. Land
sales are multiplying, even in the private domain of the state, and advertisements are multiplying on
the internet. The 2008 state law prohibiting the occupation of land 50 m from the coastline has thus
been flouted.

5.7. Changes in Fluvial Inputs and Coastal Erosion

As said before, The Ntem is the largest river on the Kribian coast. Its watershed is
31,000 km? wide and 460 km long. It has a relatively low sediment transport (10.6 t/ kmz)
because its watershed is covered by forest [44,94-96]. The construction of the Memve’ele
dam (2°2409” N, 10°23'37” E) on the Ntem has a significant impact on the Kribi coast. This
building traps a significant part of the sediment transport of this river, thereby reducing
its sediment supply to the coast. This is the main explanatory factor. In addition, recent
climate changes that have impacted the Sanaga River must also play a role and participate
in the reduction of inputs on the coast.
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5.8. Climate Change and Coastal Erosion

In both developed and developing countries, climate change is having an impact on
coastal erosion [97]. Sea level rise, increased swell speeds, and rising sea surface temper-
atures are all climate drivers that exacerbate coastal erosion [98,99]. In Kribi, the relative
effects of climate change are exacerbated by anthropogenic forcings because the climate
seems more stable in Kribi than in Douala or the West Cameroonian coast (i.e., Limbe, Ide-
nau, and Debunscha). In certain regions of the world, a radical change in the morphology
of coastlines has been underlined by some authors [100].

6. Conclusions

The analysis and description of the physical framework in order to assess the coastal
kinematics or even the weakening of the Kribi coast between 1973 and 2020 were the
objectives of this work. The evaluation of the dynamics of the coastline was performed with
Landsat images over three periods: 1973-2000, 2000-2015, and 2015-2020. Regarding the
Pleiades images, two three-year periods, namely, 2013-2016 and 20162019, were analyzed
using geostatistical methods implemented by the Digital Shoreline Analysis System (DSAS)
software. The results obtained show an increase in time and space of the eroding areas on
the Kribi coast. The period from 1973-2000 shows the clear stability of the coastline, with
an average accretion rate of +0.4 m/year. The period from 2000-2015, which corresponds
to the construction period of the Kribi Sea Port, coincided with limited erosion, with an
average decline of —0.9 m/year. Finally, the period from 2015-2020, which marks the entry
into service of the seaport, is also the period when erosion increased considerably, i.e., at an
average decline of —2 m/year. The explanatory factors are linked—to the greatest extent
possible—to marine weather forcings and to anthropogenic forcings, which appear to be
more significant. Therefore, everything suggests that the installation of seaport equipment
in Kribi constitutes the amplificatory element of coastal erosion in the area. As in most coasts
in the Gulf of Guinea, unsuitable human interventions constitute internal weakening factors.
Global climate change is not an exception. The kinematics dynamic that has been analyzed
is influenced by the combined effects of the natural forcings and anthropogenic factors
mainly linked to the Kribi seaport’s establishment (constituting great human influences on
coastal processes) on the studied area. Finally, an improved knowledge of coastal dynamics
provides policy makers with tools for integrated coastal management.
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