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Abstract 

To have a compendium of responses from coastal water systems along the east Ivorian coast under 

different seasons, samples of rainwater (n= 30), groundwater (wells and boreholes, n= 81 and surface 

water (Ébrié lagoon and Atlantic coastline, n= 69) were collected for geochemical, isotopic and 

biological analyses during the dry (January/February) and rainy (September/October) seasons of 

2014.  

 

From geomorphological viewpoint, the slope of the study area is between 0 and 70 % relative to the 

sea. Present land use cover includes farmlands (50 %), water bodies (32 %), settlements (13 %) and 

forests (5 %). Within 25 years (1989/90 - 2014/15), urbanization has claimed 31.83 % of forestlands 

and 37.42 % of farmlands. As regards hydrology, moderate hydrological drought spells were revealed 

for 1987, 1998/99, and 2013/14 based on Standardised Precipitation Evapotranspiration Indices 

(SPEI) of multi-decadal (1971 – 2014) meteorological data. The aquifer materials comprise up to 98 

% silicate. The implications of this is groundwater acidification (pH: 3.9 – 7.4) on dissolution. 

 

From hydrogeological perspective, changing hydrological regimes exerts strong influence on coastal 

water chemistry and contaminant export. Based on geochemical and stable isotope analyses, marine 

influence dominates during the dry season, while continental (fluvial and precipitation) processes 

dominate during the rainy season. Piper diagrams showed that majority (dry season: 87 %; rainy 

season: 80 %) of groundwater samples belong to the Na-Cl facies, depicting saltwater intrusion. 

Maximum chloride concentration was 1,088 mg/L and 785.2 mg/L for the groundwater during dry 

and rainy seasons, respectively. Conversely, nitrate concentrations in groundwater ranged from 0.3 – 

139.5 mg/L and 0.0 – 165.9 mg/L for the dry and rainy seasons, respectively and for the surface 

waters, between 0.01 – 3.6 mg/L and 0.01 - 332.3 mg/L for the dry and rainy seasons, respectively.  

 

From the viewpoint of biology, seasonal influx of nutrients into the coastal surface waters also 

influences phytoplankton distribution. Maximum phytoplankton biomass was 11.3*106 and 15.4*106 

cells/mL for the dry and rainy seasons respectively with floristic growth response ranging between 

16.4 and 80.8 %. Highest temporal variations in biomass were recorded in areas of the Ébrié lagoon 

with high marine influence. Diatoms were the dominant taxa, while cyanobacteria are the most 

abundant. The overall low phytoplankton diversity (Shannon index, H’ less than 1) and localized 

monospecies dominance are vital signs of disturbances. 

 

Finally, survey results show that the riverine communities are sensitive to coastal water degradation. 

These waters constitute the primary source of domestic water for 53 % and a secondary source for 97 

% of the population. Additionally, about 30 % of the population depend directly on aquatic resources 

from these coastal waters for livelihood.  

 

Keywords: coastal waters, phytoplankton, saltwater intrusion, seasonality, Côte d’Ivoire. 
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RÉSUMÉ 

Pour avoir un compendium des réponses des systèmes hydrologiques côtiers le long de la côte est 

ivoirienne sous différentes saisons, des échantillons d’eaux de d’eau de pluie (n=30), d’eau 

souterraine (puits et forages, n= 81) et d’eau de surface (lagune Ebrié et littoral Atlantique, n= 69) 

ont été prélevés pour des analyses géochimiques, isotopiques et biologiques pendant les saisons sèche 

(janvier/février) et hivernale (septembre/octobre) de l’année 2014  

 

Du point de vue géomorphologique, la pente de la zone d’étude se situe approximativement entre 

zéro (0) et 70 dégrées vers la mer. Les unités d’occupation du sol sont les terres agricoles (50 %), les 

plans d’eau (32 %), les établissements (13 %) et les forêts (5 %). En 25 ans (1989/90 – 2014/15), 

l’urbanisation a englouti 31,83 % des forêts et 37.42 % des terres agricoles. S’agissant de 

l’hydrologie, les indices standardisés de précipitation et d’évapotranspiration (ISPE) déterminés sur 

la base des données météorologiques multi-décennales (1971 - 2014) ont révélé des sécheresses 

modérées au cours des années 1987, 1998/99 et 2013/14.  

 

Au plan hydrogéologique, les terrains aquifères sont composés de plus de 98 % de silice, ce qui 

favorise une acidification importante des eaux souterraines (pH de 3,9 à 7,4) en rapport avec la 

capacité de dissolution rapide de la silice. Dans cette région, les changements de régimes 

hydrologiques exercent une forte influence sur la chimie de l’eau côtière et le transport des 

contaminants. Sur la base des analyses géochimiques et des isotopes stables (oxygène-18 et 

déuterium), l’influence marine est dominante pendant la saison sèche contrairement aux processus 

continentaux (fluviaux et pluviométriques) qui ne deviennent très actifs que pendant la saison des 

pluies. Le diagramme de Piper a montré que la majorité des échantillons d’eau souterraine (87 % et 

80 % respectivement pour la saison sèche et hivernale) appartiennent au faciès chloruré sodique (Na-

Cl), traduisant ainsi l’intrusion saline. La concentration maximale en chlorure de l’eau souterraine est 

de 1088 mgL-1 et de 785,2 mgL-1 respectivement pendant la saison sèche et des pluies. Quant aux 

nitrates, leurs concentrations varient entre 0,3 - 139,5 mgL-1 et 0 – 165,9 mgL-1 dans les eaux 

souterraines; et entre 0,01 – 3,6 mgL-1 et 0,01 – 332,3 mgL-1 dans les eaux de surface, respectivement 

pendant les saisons sèche et pluvieuse. 

 

Du point de vue de la biologie, le flux saisonnier des nutriments dans les eaux de surface du littoral 

influence aussi la distribution du phytoplancton. La biomasse maximale de phytoplancton était de 

11,3.106 et de 15,4.106 cellules par millilitre respectivement pour la saison sèche et la saison des 

pluies avec une croissance floristique variant entre 16,4 et 80,8 %. Les variations temporelles, les 

plus élevées en biomasse, ont été relevées dans les alentours de la lagune Ebrié soumise à une forte 

influence marine. Les diatomées étaient le taxon dominant en espèces, alors que les cyanobactéries 

étaient les plus abondantes en quantité. La diversité relativement faible du phytoplancton (indice de 

Shannon inférieur à 1) et la dominance mono-spécifique localisée sont des signes de perturbations du 

milieu aquatique sur le littoral ivoirien.  

 

Enfin, les résultats des enquêtes ont montré que les communautés riveraines sont exposées à la 

dégradation des eaux côtières. En effet, ces eaux constituent la source principale d’approvisionnement 

en eau potable des ménages pour 53 % et une source secondaire pour 97 % de la population. En plus, 

environ 30 % de la population dépend directement de ces ressources en eau du littoral pour leur 

subsistance.  

 

Mots clés: eaux côtières, phytoplancton, intrusion de l’eau marine, saisonnier, Côte d’Ivoire. 
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Water covers approximately 71 % (361.13 million km2) of the Earth’s surface (Martinez et al., 2007) 

estimated at 510 million km2 (Weast, 1981). Only about 29 % (148.94 million km2) is dry land. The 

substance water is one of the fundamental life-support services provided naturally by ecological 

systems. It is the elixir of life (Fetter, 1994), lifeblood of the environment, essential to the survival 

of every life form on earth – humans, animals, plants, and other organisms (Stuckelberger, 2008). 

Good quality water maintains good health status of terrestrial and aquatic systems and provides vital 

ecosystem services to man. It therefore follows that changes in its quality and/or quantity have 

important consequences on ecosystems and inherent biodiversity. Furthermore, water has intricate 

relationship with other key elements of climate such as air temperature, relative humidity, wind speed, 

and solar irradiation that drives changes in global climate systems. According to a World Water 

Assessment Report (World Water Assessment Programme, 2009), water is the primary medium 

through which climate exhibits its impacts on the earth’s ecosystem and people. Some manifestations 

are as too much water (floodings and erosions), too little water (drought), and eustatic sea level rise, 

a direct consequence of melting glaciers. According to IPCC climate change working group II (Parry 

et al., 2007), many of the worst climate change effects are related to water. Statistics from the Belgian 

Centre for Research on the Epidemiology of Disasters (CRED) in Belgium showed that during the 

ten-year period (2004 to 2013), about 91.4 % of natural disasters were either of climatological 

(droughts, glacial lake outburst, wildfire), meteorological (storm, heat waves, fog) and/or 

hydrological origin (flood, landslide, sea wave action) (Guha-Sapir et al., 2015). Majority, of natural 

disaster-related mortality were recorded in low- and middle-income countries (Twigg, 2004; Guha-

Sapir et al., 2015). This is due partly to geographical emplacement, tropical/subtropical climate, 

economic dependence on climate sensitive sectors and the limited human, institutional, and financial 

capacity to anticipate and respond to the negative impacts of climate change (United Nations 

Framework Convention on Climate Change, 2007; Abeygunawardena et al., 2009). In Côte 

d’Ivoire, between 1996 and 2005, 237 deaths were reported as a result of floods, landslides and 

landslips (Allah-Kouadio et al., 2016). Therefore, adequate knowledge of, sustainable use and proper 

management of water resources is of crucial importance to foster sustainable economic development, 

prevent disasters (World Water Assessment Programme, 2009), and overcome the predicted 

continued negative impacts of climate change on natural water balance and availability (IPCC, 2014). 

It is clear that future development across the African continent depends highly on water availability 

(Desanker & Magadza, 2001). 

Globally, water resources exhibit uneven spatial and temporal distribution patterns (Chang, 2006). 

For instance, in Côte d΄Ivoire, large variations exist between different agro-climatological regions. 
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Rainfall events are more intense in the southern parts (mean annual average up to 2,500 mm) with an 

equatorial humid climate compared to the northern parts of the country (annual average less than 800 

mm) with a savannah climate. The strong ties between water availability and socio-economic 

activities (tourism, ports, industries, fisheries) results in disproportionate human loads along the 

coastal zones (Nicholls et al., 2007). 

Coastal ecosystems occupy 8 % of the Earth’s surface (Ray & Hayden, 1992) and more than 60 % 

of global population lives within 40 km from the coasts (Lindeboom, 2002). In Côte d’Ivoire, the 

coastal zone, with an approximate length of 600 km (Koffi, 1992), constitutes 1 % (32, 960 km2) of 

national landmass of 322, 463 km2 (Adopo et al., 2014). Five (San-Pedro, Gbôklé, Grands-Ponts, 

Abidjan, and Sud-Comoé) of the thirty-one administrative regions of the country borders on the coast, 

which is home to over 48 % of the total population of 22,671,331 inhabitants (INS, 2014). In addition 

to supporting disproportionate human load, 60 % of national industries are within few kilometres 

from the Ivorian coastal areas, into which they dump directly raw and untreated effluents (CBD 

Fourth National report, 2009). Furthermore, the two main seaports (in San Pedro and Abidjan) 

harbours on the coast. These socio-economic activities exert enormous pressures on, and pose serious 

challenges to coastal aquatic ecosystems (Carpenter et al., 1992; Meyer et al., 1999; Rabalais et 

al., 2009). The major challenges facing Africa’s coastal countries are coastal erosion, resource over-

use, pollution and the potential impacts of climate change (Bauer, 2002). Sea level rise is regarded 

as the most important aspect of climate change along the coasts (Tsyban et al., 1990). A recent report 

on the vulnerability of 139 coastal cities to sea level rise designates the Ivorian coastal zone as highly 

vulnerable (Hallegate et al., 2013). A one-meter rise in sea level in the 2100 decade will lead to the 

inundation of 1,800 km2 of Ivorian lowlands (IPCC, 1997), affecting coastal infrastructures, 

ecotourism activities and economically important areas such as national seaports and the international 

airport (Jallow et al., 1999) with relative economic annual average loss of US$ 38 million dollars 

(Hallegate et al., 2013). Sea-level rise produces a range of impacts (Tsyban et al., 1990; Huppert 

et al., 2009): 

 Inundation and displacement of wetlands and lowlands; 

 Coastal erosion and degradation of shorelines; 

 Hypoxia; 

 Coastal flooding during storm surges; 

 Altered hydrological regimes and  

 Saltwater intrusion into estuaries and freshwater aquifers. 
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Saltwater intrusion into freshwater aquifers is the most characteristic type of water quality 

degradation in the coastal environment (Vengosh et al., 1999). Saltwater intrusion has been reported 

for the Benin and Niger delta coastal sedimentary basins of Nigeria (Oteri & Atolagbe, 2003), Keta 

Basin of Ghana (Yidana et al., 2010), sedimentary basin of Togo (Akouvi et al., 2008), quaternary 

aquifer of the Dar es Salaam region of Tanzania (Mtoni et al., 2012), and for the karstified coastal 

aquifers of Central Lebanon (El-Moujabber et al., 2006). In Côte d’Ivoire, although the impacts of 

sea level rise on coastal infrastutures are well documented (Koffi, 1992; Kouakou et al., 2012; Touré 

et al., 2012; Wognin et al., 2013) and as shown in Photo 1. Two-third of the coastal extent of 566 

km has been destabilized by coastal erosion (Anoh & Pottier, 2008). However, the impacts of these 

seasonal fluctuations of the tidal sea levels on the quality of adjoining coastal aquifers remain largely 

unkown (UNEP, 2010). Geochemical data on the Ivorian coastal water systems are either decades-

old (Durand & Guiral, 1994; Scheren et al., 2004) or limited in scope (Seu-Anoi et al., 2013). 

Hence, this study was undertaken to narrow scientific gap by assessing the impacts of seasonality on 

coastal water systems along the east Ivorian coast.   

Thesis rationale 

Côte d’Ivoire does not suffer from physical water scarcity. According to FAO (2015), for the year 

2014, total renewable water resources per capita (m3/inhabitant/year) for Côte d’Ivoire was 3,385, 

more than what is available to individuals in neighbouring Ghana (2,050), Benin (2,426), Togo 

(2,012), Nigeria (1,571) and even Germany (1,909). The country is rather facing economic water 

scarcity due to improper management and lack of investments in water infrastructures. According to 

UNICEF Humanitarian Action report (2007), 40 % of rural water boreholes are defective. Water 

supply to rural communities along the coastal plains is via long-distance pipeline networks majority 

of boreholes along the coastal plains have been abandoned because of saltwater intrusion. Despite the 

more than 100-fold increase in annual groundwater abstraction rates from 95 Mm3/year in 2000  to 

145 Mm3/year in 2010 (Jourda, 2002), Société de distribution d'eau de Côte d'Ivoire (SODECI), is 

still faced with a daily supply deficit of 225,000 m3/day (Global Water Intelligence, 2014). Rural 

communities are the most affected as only 50 % have access to portable drinking water (Fonds 

Monétaire International, 2009). This therefore makes for a high dependence on private wells and 

surface water systems to combat water stress. Although, the total renewable water per capita in Côte 

d’Ivoire exceeds the benchmark value of 1,700 m3/inhab/year, indicative of water stress 

(Falkenmark, 1989), the total renewable water per capita registers a progressive decline. From the 

FAO AQUASTAT database, total renewable water per capita (m3/inhab/year) was 5,024 in 1997, 

4,074 in 2007, and now 3,385.  
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Photo 1: Impressions of the area under investigation: abandoned recreational facility at Azuretti along the 

coast (left), destroyed fence of a restaurant at Vridi (right).  
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One of the consequences of a decrease in total renewable water is the lowering of piezometric levels 

of coastal aquifers (Oga et al., 1998; Saley et al., 2009), predicted to worsen by the 21st century 

(Allah-Kouadio et al., 2016). As regards the coastal surface water systems, crude oil spill of about 

5,075 m3 along the littoral (Struder, 2006) with inadequate remediation and the death of thousands 

of tons of wild and farm fishes in the western parts of the Ébrié lagoon (N'kaka, 2013) are physical 

evidences of coastal water degradation that will be exacerbated by climate change. However, the 

ability of the coastal rural communities to respond in a rational way and remain resilient in the face 

of natural hazards is largely dependent on the understanding of their potential exposures and 

vulnerabilities. As a first attempt to quantify seawater component in coastal aquifers, this work will 

furnish baseline data necessary to highlight vulnerable areas and monitor future changes in coastal 

water quality. Results would also serve to inform feasible local community adaptive response 

strategies. 

 

Thesis statement: Coastal waters are climate-sensitive systems; as such, changes in climatic 

conditions will affect their quality and inadvertently the inherent biodiversity. 

Aim and objectives 

The main aim of this study is a sound understanding of the status and seasonal trends of existing 

stressors (human and natural) on coastal water systems along the east Ivorian coast, and the impacts 

of these changes on phytoplankton as a measure of the inherent biodiversity. Focus was on 

underground (wells and boreholes) and surface water (rivers, Ébrié lagoon, and Atlantic coastlines) 

systems within 15 km inland from the Atlantic Ocean. The following are some questions to be 

answered: 

 Is coastal water quality influenced by seasonality?  

 Are there spatiotemporal variations in coastal water quality? 

 Is there hydrologic interaction between coastal water systems? Is this subject to 

seasonality?  

 What are the main abiotic environmental variables controlling coastal water chemistry? 

 How do the seasonal changes in coastal water quality affect inherent aquatic biodiversity? 

To achieve its aims, this study adopted the change assessment framework for the rapid ecological 

assessment of biodiversity in inland water, coastal and marine areas (CBD/Ramsar, 2006), an 

integrated approach that cuts across the fields of geology, geochemistry, biology, and sociology.   
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Thesis outline 

This document consists essentially of five main parts: a general introduction, the main section of the 

work (parts I, II and III) and a concluding part. Under the section of general introduction, the topic 

was duly presented together with the rationale for the study, aims, objectives, and conceptual 

framework were also described under this section. Part I presents the outcome of desktop study. It 

exposes the physiographical environment, climate, geology, hydrology and hydrogeology of the 

Ivorian coastal area. Part II, the first research chapters provided details on materials and analytical 

methods inclusive of sampling size, duration, plot sizes, field and laboratory analyses and statistical 

tools and software employed for data exploration and interpretation. Part III discusses the results in 

detail under four main headings. Each heading corresponds to a chapter: 

1. Physical habitat assessment 

 Coastal topography based on digital elevation model. 

 Land use dynamics within a 25-year period (1989/90 – 2014/15) based on satellite 

imagery from Landsat using remote sensing and GIS techniques. 

 Coarse-scale lithological analyses of surface rock exposures to ascertain natural 

contributions to water quality. 

2. Water quality (abiotic environmental variables) 

 Characterize coastal inland waters based on chemistry, isotopic signatures, and 

microbiological attributes (faecal coliform bacteria). 

 Estimate groundwater recharge using climatic parameters (temperature, precipitation, and 

evapotranspiration) and mathematical operations, 

 Determine fractional composition of different water sources (seawater intrusion 

assessment) using quasi-conservative elemental proxies and isotopic signature (oxygen-

18) in an Endmember Mixing Analyses (EMMA) modelling approach (mass balance 

models and multivariate analyses).  

3. Biocenosis analyses (phytoplankton)  

 Establish a link between water quality and biodiversity (phytoplankton) from randomly 

selected points on coastal surface water systems using diversity indices (species richness, 

abundance, density). 

 Determine main environmental abiotic factors controlling phytoplankton dynamics using 

Kohonen self-organizing feature maps, a novel artificial neural network (ANN) 

technique. 
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4. Socio-economic survey - a pilot study 

 Address socio-economic concerns of the riverine communities regarding changes in 

coastal water quality and underpin their vulnerability to coastal resources degradation. 

The text culminates in concluding remarks and recommendations for further monitoring of resources 

and local adaptation and mitigation strategies. 
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27 

 
 

CHAPTER 1: Physiographical environment 

As a sub-Saharan country in West Africa, Côte d'Ivoire is geographically located between latitudes 

4° 30' and 10° 30' N and longitudes 2° 30' and 8° 30' W. It is bordered by Liberia and Guinea in the 

west, by Mali and Burkina-Faso in the north, by Ghana in the east and in the south by the Atlantic 

Ocean. Geomorphologically, the Ivorian coast is divided into two parts (Koffi, 1992; Nicole, 1994): 

the first part, the west coast extends from Liberia (western border) to Fresco in the central parts. It is 

the most stable part of the coast, underlain mainly by metamorphic rocks and sands (Koffi, 1992). 

The second part, the east coast with an approximate length of 360 km extends from Fresco to Axim 

(Ghana border). This area is characterized by coastal lakes (Labion, Dadié and M'bakre) and 

interlinked lagoons (Grand-Lahou, Ébrié and Aby) that together occupy an area of 1,200 km2 

(Durand & Skubich, 1982), separated from the Atlantic Ocean by a narrow coastal strip between 1 

and 8 km wide (Dufour, 1982). The east coast has a permanent link to the Atlantic Ocean via the 

artificial Vridi canal, 2.7 km in length, width of 370 m and a dredged depth of 13.5 m, dug up in 1950 

to foster international trade (Chantraine & Dufour, 1983). The eastern coast is underlain mostly by 

sands and therefore highly prone to coastal erosions. Landward retreat of coastline has been estimated 

between 1 and 3 m/yr (Abe et al., 2014).  

1.1. The geology of Côte d’Ivoire 

Côte d’Ivoire evolved as a fault-fault-ridge (FFR) junction during the separation of the African plate 

from the Australia/Antarctica during Early Cretaceous (~ 145 million years ago) (Sclater et al., 1976). 

The separation of the African and South America plate lasted over a period of 100 Ma, from early 

Jurassic to middle Cretaceous (Schwartz, 2005). The geology constitutes 97.5 % basement rock and 

the rest sedimentary basin (Martin & Tastet, 1972). The basement rocks of Precambrian-age belong 

to the West African Craton (Rougerie, 1960; Martin & Tastet, 1972), whereas the sedimentary 

rocks formed at the culmination of late Jurassic to Early Cretaceous tectonism (Brownfield & 

Charpentier, 2006). 

1.1.1. The basement rocks 

The basement rocks belong to the West African Craton (Tagini, 1971), consolidated towards the end 

of the middle Precambrian (Bonhomme, 1962). It comprises three distinct age provinces (Tagini, 

1971): 

1. The Liberian age (~ 2300 – 3000 Ma) or Kénéma-Man province (Schlüter, 2008) is restricted 

to the Man area and the southwestern part of the country comprised of migmatites, granites, 

granitic gneiss, and charnockites (Tagini, 1971; Hurley et al., 1971).  
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2. The Birimian age (~ 1500 - 2300 Ma) province or Baoulé-Mossi domain (Schlüter, 2008) that 

covers a greater part of national territory includes rocks of the NE-SW trending rock sequences 

of the Birimian greenstone belt of Paleoproterozoic age (~ 2166 ± 66 Ma). It is composed of 

metamorphic rocks (schist, mica schist, and quartzite), massive migmatites, and plutonic rocks 

(granites and granodiorites). 

3. Localized Carboniferous to Precambrian age (~280 – 1700 Ma) basic rocks (dolerites) of little 

importance. 

The basement area (Figure 1) is divided into two principal geological domains separated by the major 

north-south trending Sassandra fault (mylonitic zone) (Bessoles, 1977; Schlüter, 2008). The western 

flank of the Sassandra fault is dominated by rocks of Archaean age (Kénéma-Man domain) and the 

central and eastern flank is dominated by rocks of Paleoproterozoic age (Baoulé-Mossi domain) 

(Kouamelan, 1996; Schlüter, 2008). The crystalline rocks of Archaen age are the oldest in the 

country. 

1.1.2. The Tertiary-Quaternary sedimentary basin 

The sedimentary basin of Côte d'Ivoire is a mega pull-apart basin (Blarez, 1986). It is bordered in the 

south by the northern shores of the Gulf of Guinea. The basin has a crescentiform shape as its 

development follows the concave contours of the basement rocks (Salard-Cheboldaeff, 1990). The 

basin has a length of 360 km and a maximum width of 35 km at the eastern border (Wright et al., 

1985). It is a transboundary basin and extends laterally from Fresco in the central parts to Axim 

(Ghana) in the east, where it forms the Tano Basin (Salard-Cheboldaeff, 1990). The basin is 

composed of onshore and offshore parts (Figure 2) (Durand & Skubich, 1982). The onshore part 

occupies an area of 9,500 km2, out of which coastal lakes (Labion, Dadié & M'bakré) and lagoons 

(Grand-Lahou, Ébrié, and Aby from west to east) occupy 1,200 km2 (Durand & Skubich, 1982). 

The offshore part is the largest part of the basin with a surface area of 22,000 km2 and width of 750 

km. It extends seaward from the coastline to a depth of 10,000 m, where it is exploited for its 

hydrocarbon potentials (Blarez, 1986). The evolution of the Ivorian sedimentary basin began during 

the Early Cretaceous (possibly during the Neocomian) (Nairn & Stehli, 1973). It is traversed by a 

major east-west trending fault, an extension of the St. Paul transform fault zone referred to as ‘faille 

des lagunes’ (Figure 3), (Spengler & Delteil, 1964). This fault separates it into two distinct blocks: 

the northern flank of the fault is made up of Mio-Pliocene (5 – 8 Ma) age sediments with altitude 

between 50 and 100 m (Martin & Tastet, 1972). This crustal piece is referred to as high plateau 

(hauts plateaux) (Martin & Tastet, 1972). The southern flank of the fault with Pleistocene age 

sediments has a depth of up to 5,000 m to the basement along the coast (Wright et al., 1985). 
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Figure 1: Geology map of Côte d'Ivoire (Kouamelan, 1996).   
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This block referred to as ‘bas plateaux’ (low plateau), comprised mostly of marine sands with 

intercalations of clays or carbonates (Martin & Tastet, 1972). Figure 4 shows the longitudinal 

section of the sedimentary formations. 

1.1.2.1 The stratigraphic succession of the basin 

There are no records of Paleozoic sequences (Wright et al., 1985). The Mesozoic continental 

sequences are the oldest sedimentary layer. They overlie discordantly deeply eroded Precambrian 

shield (Simon & Amakou, 1984). These Aptian (~118 Ma) marine sediments were deposited during 

marine transgression (Spengler & Delteil, 1964). They are composed of sands, sandstones, 

conglomerates, brightly-coloured clays and shales with inclusions of black clay described as the ‘série 

versicolore’. The sedimentary formation of Albian times (~105 Ma), lies concordantly over the basal 

série versicolore. The rock succession with an approximate thickness of 2,600 m is rich in organic 

materials with traces of oil and gas from borings (Spengler & Delteil, 1966). Its lowermost parts are 

composed mainly of finely bedded black clayey shale with occasional sandy intercalations, while 

coarse-grain deposits, indicative of paralic (coastal plain) sedimentation, characterize its uppermost 

parts (Spengler & Delteil, 1964). The Cenomanian (~ 95 Ma) layer recognised only in drill cuttings 

lies concordantly on the Albian and passes without break into the Turonian (~90 Ma). This formation 

is composed mainly of clastic materials with constant thickness (Spengler & Delteil, 1964). The sea 

was once again trangressive during the Turonian-Maestrichtian (~ 90 – 70 Ma). This period marked 

the break-up of the old continent into two regions. The layers are composed of sandy facies with 

clayey facies further to the west. As observed from studies of its microfauna, this formation prograde 

into the Coniacian-Maestrichtian (~ 88 – 70 Ma) layer (Apostolescu, 1961; Spengler & Delteil, 

1964). After a regression during the Late Cretaceous, the sea was again transgressive during the 

Palaeocene (~ 60 Ma) and Eocene (~ 53 Ma) times. The Paleocene formation reaches a thickness of 

500 m in the western part of the basin (Grand Lahou). This however diminishes in its eastern parts 

(Nairn & Stehli, 1973). It comprise mainly of glauconitic clays at its western end and limestone, 

glauconite-bearing sandstones, and sandy clays at its eastern end. The basin maintained its form 

during the Eocene. Eocene sediments lie concordantly on the Palaeocene layers, with thickness up to 

490 m in the western part (Nairn & Stehli, 1973). It is composed of more or less sandy clays with 

intercalations of thin limestone bands at the lower parts (Nairn & Stehli, 1973). Following the retreat 

of the sea at the end of the Middle Eocene, Oligocene (~ 30 Ma) sequence is completely absent due 

to sea regression. This unconformity is commonly referred to as the mid-Oligocene circum-African 

unconformity (Wozazek, 2001). 
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Figure 2: The subdivisions of the sedimentary basin of Côte d'Ivoire (Petroci & Beicip, 1990). 

 

 

Figure 3: The structural geology of the Ivorian sedimentary basin after Tastet and Guiral (1994).  

 

 

Figure 4: A north-south cross-section through the sedimentary basin in the Abidjan area after Tastet (1971). 
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During this period, more than 390 m of Tertiary rocks were eroded by the regressing sea (Brownfield 

& Charpentier, 2006). During the Miocene (~ 20 Ma), the sea was once again transgressive, but 

only flooded the continental margins. This triggered the formation of a small marginal basin whose 

landward extent is limited by a large fault. The east-west extent of the basin is nearly 35 km with a 

thickness of approximately 600 m (observed in drillings near Abidjan). It comprises of grey-black 

and greenish-grey clays with occasional sandy intercalations. It lies discordantly on the Cenomanian, 

marking the end of the marine phase in Côte d'Ivoire. Continental sediments, sands, reddish clays, 

and coarse-iron stained sandstones with a total thickness of 50 – 100 meters represent the Pliocene 

formation (Digbehi et al., 2001). Above this Pliocene sequence, in the coastal region lies the 

Quaternary (with a thickness of 50 m), represented by coastal sands and dark lagoon muds. It is the 

topmost layer of the sedimentary formation. 

1.1.2.2. The structural development of the sedimentary basin 

The basin has undergone complex geologic history (Blarez & Mascle, 1988; Chierici, 1996). It is 

similar in structure (wrench-shaped) and stratigraphy to the coastal sedimentary basins of Ghana 

(Tano and saltpond), Togo (Keta), Benin (Benin), and Nigeria (Dahomey embayment) (Clifford, 

1986). The geologic history of the basin can be divided into pre-transform (late Proterozoic to Late 

Jurassic), syn-transform (Late Jurassic to Early Cretaceous), and post-transform (Late Cretaceous to 

Holocene) stages of basin development (Brownfield & Charpentier, 2006). The basin has a 

southward deepening due to a major ENE-WSW trending fault with vertical and lateral displacements 

resulting in steep coasts and tear faulting respectively (Spengler & Delteil, 1964; Affian et al., 1987). 

The middle Mesozoic (Late Jurassic ~ 164 Ma) marked the depression of the upper Guinean arch (to 

a thickness of about 2,000 m) and the formation of the sedimentary basin in the present coastal region 

of the country (Nairn & Stehli, 1973). The Albian (~ 113 Ma) times marked the formation of the 

continental marginal flexure in Côte d’Ivoire (Nairn & Stehli, 1973). During the Cenomanian (~ 100 

Ma), there was the relaxation of a strong sinking tendency. Deposits formed during this period have 

strong clastic character in some parts. During this period, the basin tilted in such a way that the 

western part was uplifted and already formed deposits were eroded in some parts. Conversely, the 

eastern part of the basin underwent expansion and now includes part of Ghana (Nairn & Stehli, 

1973). The Turonian (~ 93.9 Ma) was a main period of sea transgression while seaward regression 

occurred during the Maestrichtian (~ 72.1 Ma). During the Turonian, the east - west directed 

continental marginal fault became active accentuated by tectonic processes: south of which developed 

a thick predominantly clay sedimentation, while in the north, a relatively thinner sequence of detrital 

sediments developed. The sea remained in the coastal basins until Maestrichtian (Nairn & Stehli, 
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1973). The Paleogene (Palaeocene to Oligocene) period marked a clear-cut structural difference in 

basin development: regions close to the Atlantic and regions lying to the north within the continents 

(Nairn & Stehli, 1973). During the Neogene (Miocene – Pliocene) to Quaternary period, the sea 

transgressed over the country for a short time (not extending far into the continental area). This trigger 

the formation of east-west directed coastal basins with northern margins a little north of the present 

coastlines, owing their origin to the ENE – WSW flexure-like bending of southern margin of the 

upper Guinean arch (Nairn & Stehli, 1973). The width of the flexure zone is between 50 and 100 

km, characterized by a strong sinking of its southern flanks and strong uplift of its northern limb that 

results from a permanent oscillation of the blocks, in relative position against one another (Nairn & 

Stehli, 1973). In the south, extremely thicker sedimentary sequence accumulated, in some areas 

passed into a fault or series of faults arranged en echelon. This resulted in a depression of the southern 

limb accompanied by synsedimentary faults and an increase in thickness of sedimentary layers 

towards the Atlantic Ocean (Nairn & Stehli, 1973). 

1.1.3. The regional geology of the Ébrié lagoon sub-catchment (the study area) 

The study area belongs to the sedimentary basin area. It is geographically located between longitudes 

5° and 5° 30΄ N and latitudes 3° 40΄ and 5° W, covering an area of approximately 1,200 km2 (Figure 

5). The present coastal morphology is a result of young parallel faults running in an ENE-WSW 

direction; with vertical displacement (resulting in steep coast) and lateral displacements (tear faulting) 

(Nairn & Stehli, 1973). This is reflected by the eastward deflection of the mouth of river courses 

(Spengler & Delteil, 1964). The regions north of the fault were uplifted and displaced towards the 

west while, the south of the fault sank and was displaced towards the east (Nairn & Stehli, 1973). 

The major lagoon fault separates the area into two parts consisting of lithology of different ages; rocks 

of Tertiary (Mio-Pliocene) age underlie the north of the lagoon, whereas Quaternary age rocks 

underlie areas south of the Ébrié Lagoon (Martin & Tastet, 1972). 

1.2. Hydrological and hydrogeological settings of the Ebrié lagoon subcatchment 

Côte d'Ivoire has four main river basins (Figure 6) with covering an area of 265,000 km2. These are 

from west to east: Cavally (basin area: 28,800 km2), Sassandra (75,000 km2), Bandama (97,000 km2) 

and Comoé (78,000 km2) with average flow rate of 600 m3/s, 575 m3/s, 400 m3/s and 300 m3/s, 

respectively (Avenard et al., 1971). Regional river flow direction is in a north-south direction 

towards the Atlantic Ocean via the Ébrié lagoon, constrained by the gently sloping nature of the 

coastal plains, or directly into the Ocean as in the case of the Bandama River. Other smaller basins 

are: 
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1. tributaries of the river Niger; Baoulé, Bagoé and Gbanhala,  

2. coastal rivers with surface area of 23,000 km2. These are Tabou, San Pedro, Niouniourou, 

Boubo, Agnéby, Mé and the Bia rivers, from west to east.  

The coastal rivers are part of networks of rivers and streams known as ‘rivières côtières’. Together 

the Agnéby and Mé Rivers make up the Agnéby-Mé river basin, of which the Ebrié lagoon is a sub-

catchment (Figure 6). The headwater of the Agnéby River is at an altitude of 250 m in Agoua. It has 

a basin area of 8,900 km2 and its main tributaries are M'pébo, Kavi and Séguié Rivers (Avenard et 

al., 1971). The Mé River, on the other hand covers an area of 4,300 km2 and its main affluent is the 

Mafou River (Avenard et al., 1971). The main aquifer systems within the sedimentary basin are 

(Jourda, 2002): 

 The Maastrichtian age semi-artesian layer, 

 The Mio-Pliocene age (5 – 8 Ma) Continental Terminal (CT) layer and 

 The Quaternary (less than 1.8 million years old) layer (QM). 

In this study, only the Continental Terminal (CT) and Quaternary (QM) are the main interest of this 

study. The CT aquifer represented by n3 and n4 in Figure 7, is Mio-Pliocene age (Charpy & Nahon, 

1978). It is a confined unit referred to as the aquifer of Abidjan (Aghui & Biemi, 1984). It is the 

principal aquifer and main drinking water source for the Abidjan population (Guérin-Villeaubreil, 

1962; Jourda, 2002). It has a lateral extent of 100 km (Jourda, 1987) and is comprised mainly of 

detrital clayey-sands, sands and few clay lens (Berton, 1961; Roose & Chéroux, 1966). The aquifer 

has a transmissivity of between 0.14 and 20 m2/s (Jourda, 2002). Its permeability is 10-3 m/s, but 

may reduce to values between 10-5 and 10-6 m/s due to lithofacies variations (Loroux, 1978; Aghui 

& Biemi, 1984; Jourda, 2002). The cuirass and/or cuirasse ferrugineuse (Figure 7), the top layer of 

the CT is likely an extension of the Upper Miocene/Lower Pliocene planatation surface (Wozazek, 

2001). It is observed west of Abidjan along Dabou-Toupah-Grand Lahou axes (Roose & Chéroux, 

1966). The Quaternary aquifer (QM) represented by H3 and H4 in Figure 7 comprise of two subunits: 

coarse-grained sands of marine origin (Nouakchottien aquifer) and fine to coarse-grained fluviatile 

sands (Oögolien aquifer). It is highly vulnerable to contamination because of its shallow depth 

(Jourda, 2002). Its permeability ranges between 10-3 and 10-4 m/s (Jourda, 1987; Jourda, 2002).  

The Ébrié lagoon 

The Ébrié lagoon is the main hydrologic structure within the Ébrié lagoon sub-catchment. It is an 

elongate brackish water reservoir parallel to the Atlantic coast. It is separated from the Atlantic Ocean 

by a narrow coastal strip of width between 0.1 and 8 km (Roose & Chéroux, 1966).  
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Figure 6: Map of the river basins of Côte d'Ivoire (top). Hatched areas represent the Agnéby-Mé coastal river 

basin (bottom). The Ébrié lagoon sub-catchment (study area) is highlighted in red. 
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Figure 7: Hydrogeological log of the aquifers of the Ivorian sedimentary basin. Modified from Aghui and Biemi 

(1984). 
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It is the largest estuarine system in West Africa with volume of 2.7 x 109 m3 (Guiral, 1992). It has a 

surface area of 566 km2, a length of 130 km, an average width of 7 km, and an average depth of 4.8 

m (Varlet, 1978), although it dimensions has long been reduced by silting and land reclamation. In 

its eastern borders, the lagoon is connected to Aby lagoon via the Assinie canal, 48 km, dredged 

between 1955 and 1957 (Pàges et al., 1979). It is bounded in the west by the Azagny national park 

(Ramsar site since 1996). In these parts, it is connected to Grand-Lahou lagoon via the Azagny canal, 

17 km long dug up in 1939 to facilitate the exploitation of manganese (Pàges et al., 1979). Permanent 

exchanges with the Atlantic Ocean are via the artificial Vridi canal in its central parts. This accounts 

for its 38 billion m3 per annum seawater input into the lagoon. Conversely, the ocean receives 

approximately 50 billion m3 per annum of mixt water sources via the lagoon (Varlet, 1978). Direct 

precipitation accounts for a smaller fraction (1,100 Mm3 per annum) (Varlet, 1978). It is drained 

from west to east by four rivers: the Ira, Agnéby, Mé, and Comoé, together they account for over 90 

% (9,850 Mm3 per annum) of its freshwater input. The Ébrié lagoon lies at the focal of two distinct 

geological provinces. The Continental Terminal lies at its northern areas, while the southern coastal 

plains are underlan by Quaternary marine bar sands. Two biosphere reserves borders on the Ébrié 

lagoon. These are: 

 Banco (3,200 hectares) in its central part and  

 Azagny national park (9,400 hectares) at its western fringe.  

The soils in the coastal areas are mostly sandy and sandy clays in the northern areas of the lagoon, 

and .mainly hydromorphic and podzols in its southern parts (Roose & Chéroux, 1966). 

1.3. The climate of the littoral zone 

Côte d′Ivoire has four distinct agro-climatic zones, defined by variations in the frequency and rainfall 

amount (Goula et al., 2007). This ranges from semi-arid conditions in the extreme north to humid, 

equatorial climate in the south (Goula et al., 2007). The coastal area exhibits the equatorial climate, 

characterized by bimodal rainfall patterns intercepted by two dry seasons. Total annual precipitation 

for 2014 was 2,142 mm (National meteorological station, SODEXAM). Surface air temperature is 

constant and ranged between 24 °C and 28 °C. Air temperature reaches its maximum of 32°C in April 

and its minimum of 24 °C in August. Relative humidity is constant for the year with an annual average 

of 83 %. 

1.3.1. The maritime climate (ocean upwelling) 

The Ivorian coastal zone exhibits hydro-climatological regimes slightly different from its inland 

areas. During this period, sea surface temperature is higher than surface air temperature. 
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Morlière (1970) identified three principal marine seasons. These are: 

 Short cold season (December - January): Sea surface temperature is between 27 °C and 

29 °C and salinity is on the average of 34.9 ‰ (Figure 9) during this period.The marine 

frontals are cold. Cold nutrient rich waters are superimposed on the warm waters of the 

southern Atlantic and dissolved oxygen levels generally fall (Mensah & Koranteng, 

1988).  

 Long hot season (February - May): a period just before the onset of the upwelling, when 

temperatures are rising and peaks at 28 °C in the month of May (Pàges et al., 1979). 

Salinity levels are high (35 ‰) during this period. This warm signal is damped by the 

onset of the long cold season (July – October). 

 Long cold season (July – October): this is the major ocean upwelling. Nutrient-rich cold 

water with higher salinity is transported to the ocean surface during this period (Bjerknes, 

1969). The cold water welling up to the surface cools the air in the region. This promotes 

the development of sea fog. This period coincides with the dry season inland, off the 

coast.  

 Short hot season (November – December): The annual maritime seasonal cycle 

culminates in a small hot season. Fluvial processes still dominate the coastal environment 

during this period marked by a relative increase in temperature and salinity on the Atlantic 

coast.  

Supporting details from the works of Colin (1988), Binet and Marchal (1993), Aman, 2007, Aman 

and Fofana (1998), Aman et al. (2007) and Djagoua et al. (2011) confirms the Ivorian coastlines 

as a strong upwelling front. This seasonal phenomenom occurs off the coast between Cape Palmas 

(Liberia) and Cape Three Points (Ghana), driving the productivity of the system (Djagoua et al., 

2006). The area is part of the Central West African Upwelling (CWAU) zone (Hardman-Mountford 

& McGlade, 2003). Ocean upwelling is consistent with global solar energy imbalance and eustatic 

sea level rise. It has close links to the seasonal variations of sea surface temperature (SST) in the Gulf 

of Guinea (Aman & Fofana, 1998). Two upwelling periods have been identified, a major upwelling 

between June and October and a minor upwelling lasting only three weeks between January and 

February (Koranteng, 1998). Upwelling is more intense at the west coast (Sassandra – Abidjan), 

with a WSW-ENE trending coastline as compared to the east coast (Abidjan – Ghana) with a WNW-

ESE coastline orientation (Morlière, 1970; Allersma & Tilmans, 1993). Sea surface temperature, 

SST drops to 23 °C during the major upwelling season and to 24.5 °C during the minor upwelling 

season (Longhurst, 1962). It however, varies between 27 and 29 °C outside the upwelling seasons 

(Allersma & Tilmans, 1993).  
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Figure 8: Monthly variations of sea surface temperatures, SST (pink line) (data source: maree.shom.fr), and 

mean tidal sea level, MSL (blue line) (data source: http://seatemperature.info) of the Atlantic Ocean 

off the Abidjan coast for 2014. 

 

 

 

Figure 9: Temperature (T) and salinity (S) fluctuations of the Atlantic Ocean in front of Abidjan (average: 

1966 - 1990). (Source: Morlière, 1970).  
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Mean monthly variations in sea surface temperature (SST) and tidal sea levels (m) for 2014 are given 

in Figure 8. Maximum SST of 27.9 °C was recorded in April, while minimum SST of 23.3 °C was 

recorded in the month of September. The tides of the Atlantic Ocean off the Abidjan coast are semi-

diurnal (Simon, 2007), characterized daily by two maximum (high) tides and two low tides. Tidal 

height was on the average of 0.2 m during low tides, and 1.1 m during high tides in 2014 

(maree.shom.fr). 

   

1.3.2. Climate change perspectives 

Climate changes because of imbalance between the Earth’s incoming and outgoing radiation energy 

(Oude Essink, 1996). The Earth now absorbs 0.85 ± 0.15 watts/m2 more energy from the sun than it 

is emitting into space (Hansen et al., 2005). This imbalance attributable to increase of greenhouse 

gases viz. carbon dioxide results in warming of the Earth (Church et al., 2013). Scientific evidence 

for warming of the Earth’s climate system is unequivocal (IPCC, 2014). Atmospheric concentrations 

of carbon dioxide fluctuated between 180 ppm and 280 ppm (Figure 10) in the past 800,000 years 

(National Oceanic and Atmospheric Administration, 2016). In May 2013, carbon levels reached 

the 400 ppm mark and as at December 2015, atmospheric level was 401.85 ppm (National Oceanic 

and Atmospheric Administration, 2016), 13 % higher than the upper limit safety value of 350 ppm. 

Furthermore, from 1964 to 1964, the rate of CO2 increase was 0.73 ppm/year. Presently, it increases 

at an alarming rate of 2.11 ppm/year, 100 times more than pre-industrialized times, and this with a 

tendency for continuity (National Oceanic and Atmospheric Administration, 2016). A fact 

however, is that since its inception, the Earth’s climate has always changed in response to changes in 

Earth’s orbits, variation in the tilt of its axis and continent drift (Wyman, 1991). The main threat to 

humanity today is not climate change; it is rather the potential rate of change (Wyman, 1991). A 

consequence of this increase is global warming. Increases in sea level are consistent with warming 

(IPCC, 2007). On the average, global sea level rose by 1.7 mm/year from 1961 to 2003, but since 

satellite measurements began in 1992; the global rate has been 3.1 mm/year for 1993 to 2003 (IPCC, 

2007). Higher sea levels can change salinity and water circulation patterns of coastal estuaries and 

bays, with wide and varied consequences for the inherent biota such as phenological changes, spatial 

shifts, low productivity, mortality, and extinction. The main impact of sea live rise along the African 

coast inclusive of the Abidjan coast is/would be landward retreat of coastlines (beach erosion) with 

consequent flooding and forced migration of coastal populations (Ibe & Awosika, 1991; Brown et 

al., 2011)  
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Figure 10: Monthly mean CO2 levels at Mauna Loa Observatory, Hawaii. Current denotes average global 

atmospheric CO2 level as at April 2015 (404.35 ppm). (Source: National Oceanic and Atmospheric 

Administration, 2016). 

 

 

 

Figure 11: Global sea levels have been rising since 1800. The rate of rise has been constant for the past 150 years. 

Grey shadings represent the standard error. (Source: Jevrejeva et al., 2008). 
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PART II: 

MATERIALS AND METHODS 
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CHAPTER 2: Physical habitat assessment 

Reconnaissance survey was conducted prior to field sampling activities at the end of the short rainy 

season in November 2013. The main goal of this was to get familiar with the study area, select study 

sites, confirm objectives, determine feasibility and suitability of sampling methodology, and to 

inform local chiefs of the intended study. First main field sampling activities commenced in January, 

2014. Spatiotemporal variations in coastal water quality were investigated, performed by two 

snapshot sampling campaigns during the dry (January/February) and rainy (September/October) 

seasons of 2014. The sampling cuts across 6 communes and 44 rural communities: Grand-Lahou, 

Jacqueville, Dabou, Abidjan, Bingerville and Grand-Bassam. The main ethnic groups of the riverine 

communities are Ébrié, Adioukrou, Ahizi, and Avicam. Agriculture is the mainstay of the riverine 

population. The principal cash crops within the study area are coconut, pineapple, and the African 

palm. There are also animal rearing and fishing activities along the Ébrié lagoon and the sandy 

beaches of the Atlantic coastlines. Physical habitat assessment encompasses determination of coastal 

topography, land use dynamics, and regional geology of surface rock outcrops. Coastal topography 

was extracted from the digital elevation map, DEM (www.diva-gis.org/gdata) using the ArcGIS 

software (ArcGIS 10.2, ESRI Inc.) as part of a desktop study. 

2.1.  Land use dynamics 

Spatial and temporal changes in land use cover and the drivers of change were assessed for the 

southeastern coast. Land use patterns have direct influence on surface run-offs and water retention 

capacity of soils (BIO intelligence Service, 2014) and consequently on agricultural and hydrological 

drought. In addition, land use patterns (forest lands) play important role in aquatic ecosystems 

functions, as surface water bodies are highly dependent upon organic matter inputs, especially leaf 

fall for their energy supply (Allan et al., 2005). Therefore, shifts in land cover patterns might be 

intricate pathways by which aquatic ecosystems and biodiversity can be negatively affected. In Côte 

d’Ivoire, heavy reliance on rain-fed agriculture and old traditional farming practices (slash and burn 

cultivation) coupled with urban expansion have led to habitat fragmentation and loss of fertile 

forestlands (Figure 12). Deforestation and/or forest degradation have direct negative influence on 

local microclimate as it leads to a decrease in evapotranspiration from plants and lands, modifying 

microclimates (Russi et al., 2012; Sanderson et al., 2012). Spatial characterization of land use cover 

was from multi-temporal satellite (WRS series) images using ENVI 4.8 software (ITT Corporation) 

and Geographical Information Systems, GIS (ArcGIS version 10.2, ESRI Inc.). The study window 

(longitudes 3° 15'' and 3° 40'' W and latitudes 6° 15'' and 6° 40'' N) has an area of 236,843 hectares. 

Satellite images were mosaics of: 

http://www.diva-gis.org/gdata
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Figure 12: Agricultural land expansion at the expense of primary forest areas: The year, 1955 (top) and 1988 

(bottom). (Source: Institute of Research for Development, 1996). 
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 Landsat 5 Thematic Mapper (TM) images (January 1989 (path/row 195/56) and January 

1990 (196/56)) and 

  Landsat 8 Operational Land Imager (OLI) images (November 2014 (path/row 195/56) 

and January 2015 (196/56)) on a 30 x 30 m spatial resolution.  

This implied that land areas less than 30 hectares were not represented. Image pre-processing steps 

include layer stacking, cloud masking (cloud covers 7 % of study area), atmospheric correction, and 

sub-setting. Image processing techniques made use of a combination of spectral signal analyses 

(principal component analysis (PCA), normalized difference vegetation index (NDVI) calculated as: 

Near Infrared (Band 4) – Red (Band 3)/Near Infrared (Band 4) + Red (Band 3)            Eq. 1 

The differences in wetness index, the third channel in the TM Tasseled Cap Transformation (Crist 

& Cicone, 1984) was used to more accurately separate forest classes (mangroves and terrestrial rain 

forest trees). The Tasseled cap coefficient used to create the tasseled cap bands was statistically 

derived from images as wetness index (WI): 

WI = 0.1509ETM1 + 0.1973ETM2 + 0.3279ETM3 + 0.3406ETM4 – 0.7112ETM5 – 0.4572   Eq. 2 

In each time steps, land use/cover categories (mangroves, other forest types, settlements/bare soils, 

water bodies and agricultural lands) were classified based on maximum likelihood algorithm. Ground 

data was collected randomly from eighty locations within the study area. Subsequently, a matrix of 

transition was generated by the intersection of the two maps following the procedures and 

classification of Lagabrielle et al. (2005; 2007). Supplementary ground vegetation mapping was 

carried out in four selected mangrove forest stands (Eloka-To, Agban 2, Songon-Té (Mois 

encampment), and Audoin-Beugréto).  

2.2. Mangrove forest characterization 

The presence of mangrove forests along the uptidal areas of the Ébrié lagoon was confirmed during 

ecological site visits. Their conservation is however, contigent on information on their vegetation 

structure hence, this attempt to characterize the eastern group of mangroves, growing in the upland 

tidal areas of the Ébrié lagoon. Mangroves are trees and shrubs limited to tropical and subtropical 

coastlines between 25° N and 38° S (Tomlinson, 1986; Spalding et al., 2010), adapted to harsh (high 

salinity and anoxic) conditions of growth (Tomlinson, 1986; Alongi, 2002). They are key ecosystems 

within wetlands that provide ecosystem services ranging from regulating, provisioning, cultural, and 

aesthetic to humanity (Millenium Ecosystem Assessment, 2005). As soft coastal defence structures, 

they make immense contributions to the resilience and adaptation of coastal systems and riverine 



47 

 
 

communities to climate change (Adger et al., 2007). For instance, in Vietnam, 12,000 hectares of 

planted mangrove forestlands provided protection against a typhoon that devastated neighbouring 

areas (Reid & Huq, 2005). In spite of the heightened awareness of their value, economic and ecologic 

importance, indiscriminate exploitation, and degradation continue unabated. Globally, increasing 

human pressures have resulted in loss of over 50 % of mangrove forests (Saenger and Bellan, 1995), 

at a rate of 0.7 % per annum, more than three to five times compared to terrestrial rainforests (FAO, 

2006). In Côte d'Ivoire, these forests have undergone severe decline (Figure 13), continuing at a 

disappearance rate of 0.1 % per annum (FAO, 2007). Field measurements were carried out in four 

selected mangrove forest stands (Figure 14). These are mangrove forest stand in: 

 Eloka-To (longitude 3° 44' 08'' W and latitude 5° 18' 04'' N), hereinafter referred to as 

site A,  

 Agban (longitude 3° 18' 38'' W and latitude 5°18' 04'' N), located 27 kilometres southwest 

of Eloka-To, hereinafter refer to as site B;  

 Audoin-Bégréto (longitude 4° 08' 01'' W and latitude 5° 17' 16'' N), hereinafter refer to 

as site C and  

 Mois (longitude 4° 14' 42'' W and latitude 5° 17' 22'' N), hereinafter refer to as site D.  

Forest survey followed the procedures of Kathiresan. Counts and measurements were random within 

ten, 1 x 1 m plots marked by PVC pipes (Photo 2), perpendicular to the shorelines. Maximum canopy 

height (m) was estimated using a clinometer. Canopy cover was by ocular estimation. 

Leaf area index, LAI (leaf area/ground area, m2.m-2) was estimated from measurements of light 

absorption by the forest canopy (Komiyama et al., 2005): 

LAI=
loge(I/Io)

-k
 x cos θ                 Eq. 3 

Where I/Io is ratio of photon flux density beneath the canopy and at ground level under direct sunlight. K, a light extinction 

coefficient was set as 0.5. For each sampled site, loge (I/Io) was calculated for pairs of simultaneous readings and 

averaged. Corrections were made for the angle of the sun from the vertical (Cos θ).  

LAI was in turn used to estimate net canopy photosynthesis (PN) using the formula of English et al. 

(1994): 

Net carbon fixed, PN (Mg C ha-1 year-1), PN = A x d x LAI            Eq. 4 

Where d is the day length (average of 12.4 hours) and A is the average rate of photosynthesis per unit leaf area (0.216 g 

C m-2 leaf area hr-1.  
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Figure 13: Temporal trends in mangrove forest area in Côte d’Ivoire. aFAO and UNEP (1981); bSpalding et al. 

(1997); cSaenger and Bellan (1995) and dGiri et al. (2011). 

 

 

 

 

Figure 14: Mangrove forest sampling points along the Ébrié lagoon. 
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2.2.1. Above-ground root biomass and carbon stock estimation  

Rhizophora prop root diameter at 30 cm above ground was measured with a vernier caliper. Root 

density was determined from fresh/dry weight ratio (oven drying at 70 °C for 72 hours) of disk 

samples. Carbon content of the roots were determined by combusting 600 µg vacuum-dried wood 

chips from 3 centimeter thick sample disks in a EURO EA elemental Analyser at 1700 °C. The 

resulting carbon dioxide, CO2 was cryogenically separated using a manual extraction line and isotope 

ratios were determined on Isotope Ratio Mass Spectrometer, IRMS (Finnigan MAT 253; Thermo 

Electron). δ13C (13C/12C ratio) values were expressed as per mil relative to Vienna-Pee Dee Belemnite. 

Triplicate analyses indicate precision of ± 0.17 ‰. Above-ground root biomass (kg/root) was 

estimated from species-specific allometric equation of (Komiyama et al., 2005) as: 

Above-ground root biomass = 0.196ρ0.899(D0.30)
2.22

             Eq. 5 

Where ρ is root density (t.m-3) and D0.3 is diameter at 30 cm for the Rhizophoraceae family. Results were multiplied by 

carbon content to determine carbon stocks. 

2.2.2. Natural regeneration capacity  

Rhizophora regenerative capacity was determined from seedlings (established propagules less than 

1.3 m height) density, counted within ten, 1 x 1 m plots. 

2.3. Lithological analyses  

The geologic history of sedimentary basins plays a critical role in its hydrologic development 

(Kreitler, 1989). Fluid flow pathways and eventual storage in aquifers always occurs within the 

porous media of rocks. Rock materials may therefore influence the quality and/or quantity of 

percolating water depending on its residence time. Therefore, to determine the natural elemental 

contributions from geology to a catchment, it is imperative to have knowledge of its elemental 

composition. Twenty-one rock samples were randomly collected from outcrops from surrounding 

geology. The following formations were represented: 

 Continental Terminal (CTeast) (samples: G8, G11, G15, G16, G18, G19, G20, G21) were 

collected from outcrops at the eastern area of the Ébrié lagoon catchment. 

 Continental Terminal, (CTwest) (G1, G2, G3, G4, G5, G6, G7, G19) were collected from 

the central and western areas of the catchment.  

 Nouakchottien (Quaternary age marine sands (QM) represented by samples: G9, G10 was 

collected along the coastal plains  
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Photo 2: Field measurements on Rhizophora roots. 1m2 PVC pipes (top image) and vernier caliper (bottom 

image). 
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Samples were stored in zip-lock plastic bags until analyses. Rock colour was identified based on 

geological rock colour chart (Munsell color, 2011) and In situ test was made for the presence of 

carbonate using drops of hydrochloric acid. In the laboratory, moisture content (w) was determined 

for each sample: 

w (%) = (
m- md

md
) x 100                               Eq. 6 

Where: w is moisture content (%), m is mass of soil (g) and md is mass of dried soil (g). 

The organic matter content (Corg) of the rock materials was also determined by loss on ignition (LOI):  

LOI = 
mpre-ignition - mpost-ignition 

mpre-ignition
               Eq. 7 

A basic assumption for the use of LOI as a surrogate for organic carbon (Konen et al., 2002) is that 

mass loss is solely attributable to organic carbon. Crushed rock samples were oven-dried at 105 °C 

overnight. Five grams of samples were weighed onto porcelain crucible, and ignited in a muffle 

furnace (1000 °C) for two hours. Subsequently, samples were placed in a desiccator to cool for 1 

hour. Finally, comparisons were made between pre- and post-ignition sample weight.  

Whole rock mineralogy 

Semi-quantitative determination of mineralogical (SiO2, TiO2, Al2O3, FeO, MnO, MgO, CaO, Na2O, 

K2O, and P2O5) composition of rock was on powdered samples by x-ray diffractometry, XRD (Bruker 

Axs D8 Advance) with nickel-filtered CuKα radiation, following standard procedures at the 

Steinmann-Institute, University of Bonn, Germany. Analytical steps are shown in Photo 3. The 

diffraction line of quartz was used as an internal standard for the accurate and precise measurement 

of d-values, because Quartz has high stability (Croneis & Krumbein, 1936). Base correction, peak 

identification, and analyses of diffractograms was with MacDiff 4.2.5 software (Petschick, 2000). 

Peak positions and intensities were compared to published values. The resulting values were corrected 

according to Cook indices (Cook et al., 1975). Lithology was classified according to Sprague et al. 

(2009) on the basis of weight ratios of SiO2/Al2O3 and Fe2O3 (Table I). 
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Photo 3: Summary of analytical steps for whole rock mineralogy. 

 

 

 

Table I: Lithologic ratios used for siliciclastic rock classification (Sprague et al., 2009) 

Silty claystone / claystone SiO2/Al2O3 < 4 

Siltstone SiO2/Al2O3 = 4 - 6 

Argillaceous sandstone SiO2/Al2O3 = 6 - 10 

Sandstone SiO2/Al2O3 > 10 

Dolomitic sandstone SiO2/Al2O3 > 10 and MgO > 5 % 

Fe-rich lithology Fe2O3 > 10 % 
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2.4. Water quality assessment (abiotic environmental factors) 

The quality of different coastal water systems (precipitation, groundwater wells, boreholes, rivers, 

Ebrié lagoon and the Atlantic Ocean) was studied over the dry (January/February) and rainy 

(September/October) seasons. 

2.4.1. Precipitation  

Precipitation samples (sample size, n = 30) were collected between September, 2013 and October, 

2014 from a temporary weather station (latitude 5° 24' 36'' N and longitude 3° 59' 21'' W). Samples 

were collected into 50 mL airtight polyethylene bottles for geochemical and isotopic analyses. 

Transient physicochemical parameters (temperature, pH, specific conductance, dissolved oxygen, and 

alkalinity) of precipitation were measured in situ.  

2.4.1.1. Drought indices 

To analyse drought indices, multi-decadal (1970 - 2014) meteorological data was acquired from the 

national meteorological station, SODEXAM. Arithmetic mean of yearly precipitation amount and 

surface air temperature were computed as: 

Mean =  
∑ 𝑥𝑖

𝑛
𝑖=1

𝑛⁄                    Eq. 8 

On the variety of rainfall patterns, dry and wet months are distinguished based on the Bagnouls-

Gaussen bioclimatic diagram (umbrothermic diagram) which states that: 

P >3T --> wet          

3T > P > 2T --> moderately wet        

P < 2 T --> dry          

Where: P is the total precipitation for the month, i (mm) and T is the mean air temperature for the month, i (°C).  

On the umbrothermic diagram, precipitation values below the temperature curve signifies dry 

conditions, when the precipitation curve plots above the temperature curve there is a wet period, and 

when the precipitation curve exceeds the 100 mm mark indicates excess water. Kendall’s non-

parametric test (Kendall, 1975) was employed to determine the probability of the existence of a trend 

on time series data at a 5 % significance level. 

Drought (Figure 15) is an aftermath of precipitation deficit (meteorological drought). Long-term 

meteorological drought engenders other types of drought (Wilhite & Glantz, 1985). A multi-scalar 

drought index, Standardised Precipitation Evapotranspiration index (SPEI) was computed on 

meteorlogical data using the SPEI package version 1.6 (Vicente-Serrano et al., 2010) on the 
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statistical package R (R core team, 2012). SPEI takes into account precipitation and potential 

evapotranspiration (PET) to determine drought at different time scales. Time scale functionally 

separates different drought levels. Drought at 3-, 6-, 18-, and 24-month time scales represent the effect 

on meteorology/agriculture/soil moisture (3 and 6 months), groundwater hydrology (12 months), and 

socio-economic impacts (24 months), respectively. Positive SPEI implies greater than median 

precipitation, while values of -1 marks the onset of drought event. Different drought categories are 

given in Table II. Potential evapotranspiration (PET) was calculated from Thornthwaite’s equation 

(Thornthwaite, 1948) using the statistical package R (R core team, 2012). 

2.4.2. Surface water and groundwater  

Water sampling was bi-annual following standard procedures, in January/February (dry season) and 

in September/October (rainy season) of 2014. The sampling seasons coincide with the minor and 

major ocean upwelling seasons, respectively. As a rule of the thumb, samples were collected in such 

a way that sampling points were at least 10 km apart from each other (Manikandan et al., 2012), to 

ensure data independence and ease geo-referencing.  

One hundred and fifty water samples were collected from surface (sample size, n = 69) and 

groundwater (n = 81) systems for geochemical and isotopic analyses. Surface water systems 

collection points were the mouth of coastal rivers (Ira, Agnéby, Mopoyem, Layo, Banco), the Ébrié 

lagoon and the Atlantic coast using polyethylene bailers. Site navigation was with the aid of non-

motorized boats to minimize site disturbances. For regional structuring, sampling points of the lagoon 

were combined into zones, predefined by Durand and Guiral (1994) (Figure 16): I, II, III and IV 

corresponding to the eastern, urban/estuarine, peri-urban and western end of the Ébrié lagoon 

respectively. Shallow phreatic and deeper aquifer layers were assessed from hand dug wells and 

boreholes, respectively (Figure 16). Water samples were partitioned into three broad categories based 

on the geology of its confining layers. These are wells within: 

 Quaternary marine sands (QM), (samples: p2, p3, p4, p15, p23, p25, p28, p29, p31, p32, 

p33, p34, p35);  

 CTeast (p1, p5, p6, p7, p8, p9, p10, p11, p12, p22, p36, p37) and  

 CTwest (p13, p14, p16, p17, p18, p19, p20, p21, p26). 

2.4.2.1. Hydrologic information and estimation of groundwater recharge 

Water level measurements are the most direct evidence of impacts of land use change on groundwater 

recharge (Finch, 2001; Scanlon et al., 2005) as groundwater responds slowly to changes in rainfall, 

impacts of meteorological droughts are often buffered (Calow et al., 1997). 



55 

 
 

Table II: SPEI classification scheme (World Meteorological Organization, 2012). 

SPEI value Classification 

2.0 and more Extremely wet 

1.5 to 1.99 Very wet 

1.0 to 1.49 Moderately wet 

-0.99 to 0.99 Near normal 

-1.0 to -1.49 Moderately dry 

-1.5 to -1.99 Severely dry 

-2.0 and less Extremely dry 

 

 

 

Figure 15: Sequence of occurrence and impacts of common drought types (Source: National Drought Mitigation 

Centre, 2007, Nebraska-Lincoln, U.S.). 
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Information on total well depth and static water level was determined at each wellhead prior to sample 

collection. Static water level was measured with a sonic contact meter (KLL type, SEBA GmbH & 

Co. KG) (Photo 4, left image). Groundwater recharge rates for the shallow phreatic aquifer were 

calculated using the simple chloride mass balance formula by Allison et al. (1990): 

R=
P.  Clpi

Clgw
                    Eq. 9 

Where: R is the monthly recharge (mm/month), P is monthly precipitation (mm), Clpi is chloride concentration in 

precipitation (mg/L) and Clgw is chloride concentration in groundwater (mg/L). 

Furthermore, water level data from piezometers across the coastal area was obtained from l'Office 

National d'Eau Portable (ONEP) to have a good understanding of seasonal fluctuations in regional 

water table levels. 

2.4.2.2. Hydrochemistry 

Transient physicochemical parameters (pH, dissolved oxygen, specific electrical conductivity (EC) 

and temperature) were measured in situ with multiparameter handheld instruments (HANNA HI-

9878) (Photo 5, right image). Turbidity was measured by a Wagtech turbidity meter (Photo 5, left 

image). Water were classified based on total dissolved solids (TDS) according to Freeze and Cherry 

(1979), as freshwater (TDS: 0 – 1000); brackish water (TDS: 1000 – 10,000); saline water (TDS: 

10,000 – 100,000) and brine water (> 100,000). All water samples were filtered in two successive 

steps with VWR filter paper (250 mm diameter) and a syringe PVDF filter (Photo 6). Analyses of 

alkalinity was by titrimetry within 24 hours of sampling. 100 mL of sample was titrated with 0.2 N 

sodium chloride (NaOH) in the presence of phenolphthalein to an endpoint of 8.3. Samples with pH 

between 4.3 and 8.3 have bicarbonate alkalinity, while those with pH less than 4 contain free carbon 

dioxide. Analyses of silicate (SiO4
+), nitrate (NO3

-), Ammonium (NH4
+), and phosphate (PO4

3-) 

concentrations was by spectrophotometry (DR6000 UV-VIS, Hach, USA) (Photo 7) following 

standard procedures at the Steinman Institute, University of Bonn, Germany. Changes occurred in 

laboratory analytical procedures between the sampling campaigns. First set of analyses were 

performed at the Steinmann-Institute, Bonn, while the second were at the Institute of Groundwater 

Ecology, Helmholtz Zentrum, München, Germany. At the laboratory of the Steinmann-Institute, 

cations (Na+, K+, Mg2+, Ca2+) were analysed on acidified samples using flame atomic absorption 

spectrometry (AAS) (Perkin Elmer A Analyst 700). Anions (SO4
2-, Cl- and NO3

-) were analysed on 

non-acidified samples using ion chromatograph (Shimadzu, HIC-6A) with appropriate dilutions. 

However, subsequent major ion measurements were by ion chromatography (DIONEX-ICS 1100) 

(Photo 8) at the HelmHoltz Zentrum, München, Germany. Comparison of results from the different 
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analytical methods showed differences in values of less than 10 %. Summary of field and laboratory 

analytical methods are presented in Figure 17. Detection limit of analytes are shown in Table III. The 

quality of analyses was checked by calculating the error of ion balance:  

Ion balance error (%)= 
( ∑ cations - ∑ anions)

( ∑ cations + ∑ anions)
 x 100             Eq. 10 

Although, a cut-off between 2 % and 5 % is the norm (Mazor, 1991), values of ±10.4 % are acceptable 

(Güler et al., 2002). Biplots were drawn between major ions versus chloride (Appendix I). A straight 

regression line showed they are behaving as conservative elements and thus not interacting with 

aquifer materials (Mazor, 1991). To further investigate this hydrologic relationship amongst coastal 

waters, elucidate evolutionary trends and understand the origin of water chemistry, major ions were 

displayed on geochemical plots (Piper, 1946), Gibb’s diagram (Gibbs, 1992) and Durov plot (Durov, 

1948) using the AqQa software (Rockware Inc.). Interpretation of the central diamond field of the 

piper plot was based on the works of Back (1960) and Kelly (2005). Furthermore, point sources of 

nitrate was highlighted on the Ebrie lagoon on a Voronoi tessellation (Voronoi, 1907) using QUIMET 

(Velasco et al., 2014), a GIS-based hydrogeochemical analysis tool. 

2.4.2.3. Stable isotope analyses (natural tracers) 

Different water types have specific isotopic signatures, which they carry along their flow paths. This 

makes them very effective tools in any regional water studies to trace origin, recharge processes, 

sources of pollution and hydrologic interactions along its main flow path; hydrologic cycle (Kendall 

& Doctor, 2003; McGuire & McDonnell, 2007; Aggarwal et al., 2009). These signatures however 

changes due to fractionation processes (Clark & Fritz, 1997). Fractionation between different phases 

of water results from the differences in the physical properties of water molecules containing different 

isotopic species of oxygen-18 and deuterium. To analyse the stable isotopes, unfiltered water samples 

were collected into airtight 50 mL polyethylene (PET) bottles. Bottles were kept in an upright position 

at temperatures slightly lower than in situ temperature until analyses. Stable isotope (oxygen-18 and 

deuterium) analyses were carried out using laser spectrometry (LS2120-i, Picarro Inc., US) as shown 

in Photo 9, at the Helmholtz Zentrum, München, Germany. δ values were normalized relative to 

Vienna-Standard Mean Ocean Water (V-SMOW) (Craig, 1961): 

 δ (‰ V-SMOW) = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1)    x 103               Eq. 11 

Where: δ (δ18O or δ2H) is the normalized difference of the isotope ratios R (18O/16O or 2H/1H) of the sample and the 

standard.  

Triplicate analyses indicate a precision of ± 0.3 ‰ for δ18O and ±1.6 ‰ for δ2H. 



58 

 
 

 

 

Figure 16: Map of the study area with water sampling points. Top: surface water sampling points. Prefixes R-, 

L- and S- represent river, lagoon, and Atlantic coast, respectively. Bottom: groundwater sampling 

points. Prefixes, P- and F- represent wells and boreholes, respectively. Circled areas were sampled 

only during the rainy period. Green areas represent forested areas. 

 

 

 

Photo 4: Measuring water level in a dug well in Songon-Té using water level meter (left) and a typical borehole 

in Nguessandan (right). 

 



59 

 
 

 

Photo 5: Some field measuring instruments. Handheld WAGTECH turbidity meter (left) and HANNA HI-

9878 multiparameter hand held meter (right). 

 

 

Photo 6: Materials for a two-step water filtration during field survey. Whatman filter paper (left) and syringe 

0.45 µm PVDF membrane filter (right). 

 

 

Photo 7: HACH UV-VIS spectrophotometer (Analytik, Jena Specord 50). 
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 Photo 8: Ion chromatograph (DIONEX ICS-1100) (top) and automated water sample holders (bottom). 

 

 

 

 

Figure 17: Summary of field and laboratory analytical methods. 
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Table III: Detection limit of analytes (mg/L) according to DIN 32645. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photo 9: The laser isotope analyser (LS2120-i, Picarro Inc., US). 
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2.4.2.4. Hydrological modelling - End-member mixing model (EMMA) 

A three-component model was adopted to determine the seasonal fractional contributions of coastal 

waters (precipitation, river, lagoon, and Atlantic Ocean) to each other. Fractional contribution of 

different sources to each water sample was determined algebraically based on end-member mixing 

analytical model, following the procedures outlined in Hooper et al. (1990). A primary assumption 

of this method is that the tracers in these components mix conservatively, albeit in nature this is often 

times violated (Burns et al., 2001). A second assumption is that isotope fractionation is mass 

dependent. Precipitation, groundwater, brackish lagoon water, and seawater were considered as 

potential water sources for the model. The dataset was subjected to principal component analyses 

(PCA) after standardization in order to estimate the number of end members and inform the choice 

of tracers. PCA was performed with the XLSTAT software version 10 (Addinsoft, France). Initial 

dataset consists of the concentration of nine potential chemical variables (Na+, K+, Mg++, Ca++, Cl-, 

SO4
=, NO3

-, HCO3
-, SiO3

+ and isotope delta values (δ18O and δ2H). Multivariate mixing and mass 

balance calculation was performed based on the closure relationship defined by:  

fx + fy + fz= 1                  Eq. 12  

C1 
1
fx + C2 

1
fy + C3 

1
fz= Ct 

1
                Eq. 13  

C1 
2
fx + C2 

2
fy + C3 

2
fz= Ct 

2
                Eq. 14  

Where: f is the source water fraction from freshwater (x), lagoon (y) and seawater (z), C is the tracer concentration, 

subscripts, t, 1, 2, 3 are components of the sample, saltwater, lagoon and freshwater respectively and superscripts 1 and 

2 are the tracers: oxygen-18 and Cl- concentrations, respectively. 

Seawater chloride values are based on averages. Freshwater sources (averages of groundwater and 

precipitation) with similar isotope concentration were combined to avoid ambiguity (Phillips et al., 

2005). End members were selected and the EMMA model was used to estimate the proportional 

contribution of different sources to each sample.  

2.5. Biocenosis analyses – phytoplankton dynamics 

Phytoplankton are microscopic, chlorophyll-a bearing, non-vascular plants that constitutes 99 % of 

all plant forms in the aquatic ecosystems. They drive the primary productivity of the aquatic 

ecosystems. As ecosystem engineers, they have the ability to modulate light penetrations to depths, 

thereby altering surface temperature of water columns (Jones et al., 1994). The alteration of water 

surface temperatures can influence water density, provoking stratification (Townsend et al., 1992). 

Density stratification coupled with wind energy can overturn nutrient supply and trigger the 

development of oxygen minimum events (Arthur et al., 1987). Phytoplankton also makes immense 
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contributions to atmospheric purification as they replenish global atmospheric oxygen through 

photosynthetic processes. In addition to their role as planet-savers, they have found usefulness in the 

fields of medicine, cosmetics, bio-fertilizers, microbiology (agar solutions) and their use as bio-

indicators of ecosystem health dates back to the 18th century (Cohn, 1853). Their floristic diversity 

reflects alterations in the quality of host waters (Nixon et al., 1996). They provide the most reliable 

index of eutrophication and changes in water quality. Phytoplankton integrates various human and 

environmental inputs thereby providing a benchmark for monitoring the synergistic effects of 

urbanization and climate change (Kunz & Richardson, 2006). Their study is therefore an integrative 

measure of water quality. 

2.5.1. Phytoplankton sampling, identification, and enumeration  

Phytoplankton harvesting was carried out randomly from twenty sites (Ébrié lagoon, 16; Atlantic 

Ocean, 4) in the coastal environment. This was carried out in synchrony with that of the environmental 

variables. Sites were sampled once during the dry and rainy seasons from predefined zones. For the  

Ébrié lagoon from east to west, sampling points, L1, L2, L3, L10 represent station I, sites, L4, L6, 

L8, L24 represnts station II (urban/estuarine areas of the lagoon), sites L12, L19, L22, L25 represent 

station III (peri-urban areas of the lagoon), while sites, L15, L17, L18, L29 represent station IV, its 

western extremity (Figure 18). Four points (S1, S4, S5, S7) were sampled along the Atlantic coastline, 

representing areas off the coast of Gbamblé, Grand-Jack, Abréby and Nguessadan, respectively. 

Fifteen litres of depth-integrated water samples were filtered through a plankton net of 20 microns 

mesh size (Photo 10, left image). Filtrates were collected into 50 mL dark brown polyethylene bottles. 

Samples were fixed in Lugol’s iodine solution in a ratio of 1:100 (Vollenweider, 1969). Cell counting 

was from 1 mL aliquot, mounted onto the Malassez haemocytometer and counted under a ZEISS light 

microscope (Photo 10, right image) following standard procedures of Schön (1988). Species 

identification was to species level where possible from works of authors (Foged, 1966; Compère, 

1975, Krammer & Lange-Bertalot, 1991; Cocquyt, 1998; Ouattara et al., 2000; Komárek & 

Anagnostidis, 2005). 

 

Chlorophyll-a determination 

Chlorophyll-a content of water was determined by spectrophotometry (Lorenzen, 1967) only during 

the rainy season. 250 mL of water samples were concentrated by retention on a glass fibre filter 

(Whatman GF/F with 25 mm pore diameter). Preparation was by maceration and pre-soaking in 100 

% acetone for 24 hours. Thereafter, extracts were centrifuged at 5000 rms for 60 seconds. 

Supernatants were filled into 2-cm spectrophotometer cell.  
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Figure 18: Map showing phytoplankton sampling stations along the Ébrié lagoon (L) and the adjacent inshore 

(S). Blue lines are subdivisions according to Durand and Guiral (1994). 

 

 

Photo 10: Materials for biocenosis analyses. Plankton net (left). Zeiss microscope (right). 

 

Table IV: Trophic categories of surface waters based on chlorophyll-a concentration (Schmitt, 1998). 
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Differentiation was made between chlorophyll-a and its degradation products based on the relative 

changes of optical density at 750 µm and in the red spectral region (665 µm), induced by acidification 

(Moss, 1967; Lorenzen, 1967). The optical density measured at 750 µm is an approximate measure 

of non-selective ‘background’ absorption by other materials. The values are subtracted from optical 

density measurements in the red spectral region. Primary productivity and oligotrophic state of 

surface waters was classified based on the work of Schmitt (1998) as shown in Table IV. 

2.5.2. Data analysis – SOM map 

Self-organizing feature map (SOM) (Kohonen, 1995), an artificial neural network (ANN) model 

based on unsupervised batch map learning algorithm was employed in order to relate spatiotemporal 

variations of abiotic environmental variables to phytoplankton dynamics. SOM algorithm 

(Lampinen, 1992; Vesanto et al., 1999) was implemented with Matlab 6.5 computing environment 

by MathWorks, Inc. Taxa contributing less than 1 % (13 taxa) to total cell abundance were excluded 

from all statistical operations. As a first step, sampling points were clustered into groups based on 

biological data; a second step relates the resulting clusters to environmental abiotic variables. The 

SOM consists of two different computational units; input and output layers connected by 

computational weight vectors. In this study, the dataset (abundance value of 54 taxa in 20 sampling 

sites studied over 2 seasons) was log-transformed (In(x+1)), conditioned with nine measured 

environmental predictors (temperature, dissolved oxygen, pH, turbidity, total dissolved solids, slope, 

nitrate, phosphate and silicate) and trained with an unsupervised batch map learning rule. Batch map 

units for each sample were calculated as: 

𝑚𝑘(𝑡 − 1) =  
∑ ℎ𝑐(𝑥𝑖)𝑘(𝑡)𝑥𝑖

𝑁
1=1

∑ ℎ𝑐(𝑥𝑡)𝑘 
𝑁
𝑖=1 (𝑡)

                                                                                                         Eq. 15 

Where: N is the number of sample vectors 

Discriminant function is squared Euclidean distance: 

d (x) = ∑ (𝑥𝑖
𝐷
𝑖=1 − 𝑤𝑗𝑖)

2                                                                                                                  Eq. 16 

The quality of training algorithms was assessed by quantization error (QE) for map resolution and 

topographic error (TE), a measure of the map’s ability to accurately represent the input layers 

(topology preservation). Although there exists no reference value for QE and TE (Astel et al., 2013), 

after machine learning process, the map size with the minimum quantization error value and zero 

topographic error is selected. Low QE values denote good maps (Kaski & Lagus, 1996), while a 

zero TE implies perfect topology preservation (Pölzlbauer, 2004). Cluster validation was with 

kruskal-wallis at a significant alpha of 0.05. The output neurons display a 2-dimensional 4 x 3 (12 
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nodes) map units on hexagonal lattice. The 4 x 3-map size was selected after several iterations. Initial 

map size was determined by heuristic formula (Matlab SOM Toolbox): 

Map units = 5*n^0.5431                                                                     Eq. 17  

Where: n is the number of records in the dataset.  

Detailed SOM algorithm for ecological applications can be found in Park et al. (2003). Subsequently, 

divisive clustering tree (dendrogram) of the input variables is formed based on the similarity of the 

weight vectors of the neurons (map units) (Miikkulainen, 1990). Hierarchical cluster with Ward’s 

linkage method subdivided the map into different clusters based on the similarity of the weight vectors 

of the neurons (map units). Multivariate pairwise statistics were employed to determine the statistical 

significance of the relationships. 

2.5.3. Community indices 

Jaccard similarity index, SCj (Jaccard, 1912) was used to check classification consistency and assess 

similarities between clusters. It is computed as: 

SCj (A, B) = 
A ⋂  B

A ⋃  B
                                                                    Eq. 18 

Where: A, B is number of species two samples have in common and is number of species represented by both samples.  

A maximum value of 1.0 indicates maximum similarity that is all species present in A are also found 

in B. In terms of biodiversity conservations, areas with low values are treated as top priority as they 

tend to preserve more biodiversity. 

Other studied community indices computed using the Paleontological statistics, PAST Software 

(Hammer et al., 2001) are: 

Taxa richness, relative abundance: 

Pi= Ni N⁄                                                             Eq. 19 

Where: Ni is the abundance of the ith species in the sample and N = ∑ 𝑁𝑖
𝑠
𝑖=1 , s is the total number of species in the sample. 

Shannon index, H' (Shannon & Weaver, 1949) to assess the diversities of each community was 

computed as: 

H'=- ∑ pi Inpis
i=n                                                                                                   Eq. 20 

Where: s is the number of species in a sample, ‘pi’ is the number of individuals of species, i in a sample and ‘n’ is the 

number of individuals in a sample. H' is derived by summing the product for all species in the sample. 
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Community dominance index, CDI (Krebs, 1994) to determine the percentage of abundance 

contributed to a community by two most abundant species.  

It is calculated as: 

CDI = 100 (n1 + n2)/N                                                            Eq. 21 

Where: n1 and n2 are the abundance of the two most common species and N is the total abundance. Index values range 

between 0 and 100. High values represent less diverse and highly disturbed communities.  

Finally, indicator value index, IndVal (Dufrêne & Legendre, 1997) was determined for each cluster 

to identify indicator species using the Indicspecies package version 1.7.1 of De-Cáceres and 

Legendre (2009). The Indicator value of species, i with respect to cluster, j is the sum of the 

specificity (A) and fidelity (B), scaled to 100. That is: 

IndValij = 100Aij x Bij                                                                 Eq. 22 

Where: specificity (Aij) is the ratio of the mean abundance of species, i in cluster j and the sum of means of the same 

species over all group. A maximum value of one is attained if the species occur only in that cluster. Fidelity (Bij) is the 

proportion of sites in which species, i is present within cluster, j. Maximum value of one occur when species, i occur in 

every site in the cluster, j.  

The statistical significance was tested using a permutation test. 

2.5.4. . Faecal coliform bacteria – supplementary water quality indicator 

Faecal (thermo-tolerant) coliform bacteria were analysed as supplementary components of coastal 

water quality. They have been used as indicator of the bacterial safety of drinking waters (Leclerc et 

al., 2001; WHO, 2003). They are environmental indicators of human or animal faecal contamination 

of waters. To determine faecal coliform densities, water samples were collected directly into 250 mL 

sterilised dark brown glass bottles, with 15 mL headspace. The bottles were stored over ice to suppress 

microbial activity until analyses. Analyses were within 24 hours of sample collection. 10 mL sample 

were concentrated by filtration onto sterile nitrocellulose membrane filter discs. The membrane filters 

were placed on top of Violet Red Bile Lactose (VRBL) agar medium in disposable plastic petri dishes 

and incubated at 44 °C for 24 hours. Resulting visible circular patches/colonies were counted using a 

colony counter. Colony forming units, CFU/100 mL was determined by the formula: 

CFU/100 mL =
Coliform colonies counted

volume of water filtered (mL)
 x 

volume of water filtered (mL)

100 mL
           Eq. 23 

Colonies formed were round with diameter ranging between 0.5 – 2 mm. The Colour was red to 

purple. 
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2.6. Socio-economic survey  

Conservation policy based on only information on the environment is lump-sided. An understanding 

of the interactions of the four essential ingredients of environmental sustainability: population, 

economics, environment, and culture, driving every complex global change is important for 

conservation of natural resources (Cohen, 1995). Therefore, policies geared towards the conservation 

of natural resources must incorporate indigenous knowledge and collaboration to be successful. 

Indigenous people are at the base of the environmental security system. ‘No matter the resolutions, 

no genuine and lasting environment improvement can take place without grassroots involvement 

(United Nations Environment Programme, 2002). This survey adopted a stratified random 

approach. The sample size for the survey was determined using the normal approximation of the 

binomial distribution (Dagnelie, 1998): 

𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒, 𝑛 =  
𝑈1−𝛼/2

2 ×𝑝(1−𝑝)

𝑑2                 Eq. 24 

where n is the number of respondents; 𝑈1−𝛼/2 is the value of the normal random variable for a probability value of 1-α/2, 

for α = 5 %, 𝑈1−𝛼/2
2 = 3.84; p was set to an arbitrary value of 50 %; and d is the expected error margin ranging between 

1 % and 15 %. In this study, the margin error was set as 6.8 % (𝑑 = 6.8 %). 

The resulting sample size of two hundred and eight respondents was evenly distributed amongst 

eleven communities. The choice of 18 respondents per community was based on the 

recommendations of Julious (2005). The survey used detailed questionnaires (Appendix II) with 

ordinal and nominal questions as its main enumeration tool in order to understand indigenous 

perception of climate change, underpin social vulnerability and socio-economic concerns arising from 

coastal water degradation. Questions focused on local perception of key climate change variables 

(precipitation and temperature), water use, treatment methods, waste disposal methods, and socio-

economic concerns.  
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CHAPTER 3: Physical habitat assessment 

Outlined below is detailed description of the physical environment of the eastern Ivorian coast. 

3.1. Coastal topography 

The study area has near horizontal topography with slope percent between zero and 70 relative to the 

sea (Figure 19). Approximately fifty percent of the studied area is topographically low with slope 

percent values between 0 and 2, making these areas highly vulnerable to a potential sea level rise. 

Thirty percent of the area have slope percent between 2 and 6, 15 % between 6 and 12; 4 % between 

12 and 18 and less than 2 % of the area have slope percent higher than 18. The implications of this 

low topography are higher impacts of sea level rise and vulnerability to inundation and coastal 

erosion.  

3.2. Dynamics of land use 

Land use class specific accuracy for both satellite images ranged between 61.9 % and 97.6 % (Table 

V). Lowest class specific accuracy (61.9 %) was recorded for the mangrove class, due to difficulties 

in differentiating between mangroves and other forest vegetation. Average land use classification 

accuracy was 88.1 and 90.3 % for 1989/90 and 2014/15, respectively. The Kappa coefficient had 

values above 0.8 for both maps (Table V). Generally, forested areas showed strong reduction in their 

areal extent (Figure 20). Mangrove forest cover decreased from 7,863 hectares in 1989/90 to 3,867 

hectares in 2014/15 representing a net decrease of 3,996 hectares or 49.2 % (Table VI). Matrix of 

confusion showed that only 18 % of primary forest still exists within the 25-year period (Table VII). 

Mangroves thrive best with alternating rise and fall of sea level. Their biological response to 

permanent inundation by saline water due to sea level rise is landward migration (Alongi, 2008). 

However, land use modifications foreclose migratory routes, inhibiting landward propagation. 

Urbanization accounts for about 70 % of the total loss in forest area. About 31.8 % of forestland has 

been converted to settlements/bare soils, while a much higher percentage (43.8 %) has been converted 

to agricultural lands. Abidjan had only 65,000 inhabitants as at the time of the opening of the canal 

(Durand & Zabi, 1994), 2,102,000 inhabitants in 1990 (United Nations Human Settlements 

Programme, 2014). Today, its population is about 4,707,000 inhabitants (Recensement Général de 

la Population et de l'Habitat, 2014). Land under permanent agriculture in the study area was about 

50 % during the investigation period. Concerning the water bodies, the position of the shoreline 

showed a 5 % landward displacement during the investigation period.  
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Figure 19: Digital elevation model (DEM) of the study area. The unit of slope is in percentage. 

 

 

Table V: Accuracy of land use categories for 1989/90 (above) and 2014/15 (below). The class specific accuracy 

is highlighted in yellow. 

 

 

 

 



72 

 
 

 

Figure 20: Temporal patterns (1989/90 and 2014/15) of land use/cover categories as observed from remotely 

sensed images. 

 

Table VI: Land use cover categories (%) of the study area for the year 1989/90 and 2014/15. 

 

 

Table VII: Matrix of transition for the different land use categories between 1989/90 and 2014/15. 
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3.3. Rhizophora forest characterization 

Riverine communities are completely oblivious of the fact that forested areas (terrestrial or aquatic) 

positively influence local microclimates. According to Servat et al. (1998), forested areas were less 

severely affected by the Saharan precipitation deficit compared to the Savannah areas. Presented 

below is the vegetation structure and carbon sequestration potential of the studied mangrove forest 

stands. Maximum canopy height ranged between 3.6 and 14.7 m (Table VIII). Canopy cover ranged 

between 25 – 75 %, 5 – 55 %, 5 - 45 % and 25 – 75 % for sites A (Eloka-To), B (Agban), C (Audoin-

Bégreto) and D (Mois, respectively. Canopy exposure as evidenced in some plots of sites B and C 

leads to direct sunlight penetration, which in turn promotes high transpiration rates with consequences 

of decline in plant water use efficiency, net photosynthesis, stunted growth, and die-off in extreme 

cases (Kathiresan & Bingham, 2001). Light gaps are however advantageous to seedlings, as they 

are shade intolerant (Smith-III, 1992). Rhizophora roots showed aggregate distribution with average 

root density of 22 individuals/m2 for surveyed sites. Lognormal plots (Gray & Pearson, 1982) of 

diametric sizes of roots follows unimodal, negatively skewed distributions (Figure 21), reflect striking 

disparities in root diameter. This suggests degraded forests. In a lognormal plot, undisturbed 

communities usually start high on the abscissa and flatten out towards higher classes. Conversely, 

disturbed communities start lower on the abscissa as observed in the different mangrove stands albeit 

with varying degrees of disturbances. The LAI observed are similar to those of tropical savannah 

(mean ± S.D: 1.88 ± 1.81, Asner et al., 2003). The amount of radiation transmitted from the top of 

the canopy to the forest ground are averages of 38, 59, 54 and 29 % for sites A, B, C and D 

respectively. Lower amounts of radiation were transmitted to the forest floors in stands with relatively 

higher LAI values. 

3.3.1. Carbon storage potentials 

The lowest carbon influx rates were recorded in site B. Assuming the average annual net primary 

productivity of 22.28 tC/ha (Table VIII), prop roots within the investigated area are capable of fixing 

a crude estimate of 0.86 Gt CO2 annually. Carbon contents of roots constitute an average of 44.9 % 

of the oven-dry mass (Table VIII). δ13Cmangrove were isotopically lighter compared to standards and 

ranged between -26.09 and -29.08, suggesting a Calvin mechanism (C3) of photosynthesis. These 

values are comparable to those of the Rhizophora mangroves of Malaysia (Rodelli et al., 1984), Sri 

Lanka (Bouillon et al., 2003) and Tanzania (Muzuka & Shunula, 2006). Carbon pools, on per 

hectare basis were highest in site A, the freshwater stands, while lowest values were in the degraded 

forests of site B. Stored carbon values fell within the estimated range of 160 – 200 Mg/ha 

(Hutchinson et al., 2014), except those of sites B and D that were lower. 
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Table VIII: Mean and range (in parenthesis) of estimates of vegetation parameters for Eloka-To (A), Agban (B), 

Audoin-Bégréto (C) and Mois (D) forest stands. 

 

 

 

 

Figure 21: Lognormal plots of mangrove prop root density in 1 x 1 m plots at Eloka-To (A), Agban (B), Audoin-

Bégréto (C) and Mois (D). 
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3.3.2. Regenerative capacity 

A common feature of these Rhizophora forests is the absence in their under-storey of other vegetation 

types. Their seedlings constitute the ground-storey. The studied forests showed potential for natural 

unaided regeneration with an average seedlings density (seedlings/m2) of 10 (Figure 22). Site D 

demonstrates the highest rate of establishment and survival of propagules with seedlings density up 

to 73 seedlings/m2. This might be probably due to the high sediment flux and firm sandy layers that 

facilitate their successful establishment. Conversely, site A recorded the lowest seedlings density. 

Likely causes of low survival rates are the dense canopy cover (absence of light gaps) in these 

mangrove stands that prevents light penetration/solar radiation to the ground-storey and/or high tides 

that inundates these seedlings cutting supply to oxygen and sunlight. The conservation and 

rehabilitation of degraded mangrove forests will not only ensure biodiversity conservation but also 

inadvertently support climate change mitigation and adaptation strategies. As soft defense structures, 

mangroves can be more effective in attenuating coastal storm waves and protecting coastlines from 

erosion and flooding, and its cost of maintenance is minimal compared to hard defense structures 

such as dams (Reid & Huq, 2005; Costanza et al., 2008).  

3.4. Lithological analyses 

The surface morphology was monotonous, comprising of sandstone beds without distinct bedding. 

There was no gaseous response (effervescence) on contact with hydrochloric acid (carbonate test). 

This implies they are carbon-free. Quaternary marine sands (QM) are very light gray (Munsell, N8) 

to light brown (5 YR 6/4) in colour. They are very coarse, sub-angular to sub-rounded in shape and 

moderately sorted depicting immaturity and closeness to provenance. The sediments of the eastern 

part of the Tertiary Continental Terminal (CTeast) are moderate yellow (Munsell, 5YR7/6), moderate 

reddish orange (10R6/6) to moderate red (5R4/6) in colour. The very fine to coarse grains of the 

CTeast rocks are sub-rounded to rounded and mostly poorly sorted. The reddish tint suggests the 

oxidation of immobile Fe-minerals of terrigenous origin. The geology in the central and western parts 

(Tertiary continental terminal, CTwest) is similar except for the presence of post-depositional, dark 

coloured iron nodules in its central parts, which suggests synthesized supply of sediments of shallow 

epicontinental shelf regions followed by chemical and biochemical precipitation (Dahanayake & 

Krumbein, 1986). The CTwest sediments are yellow (10YR6/6) to brownish yellow (10YR7/6) in 

colour. They are poorly sorted with sub-rounded to rounded grains. In its western fringes, the CTwest 

comprises surface exposures with mottled structures (spots of different colours), indicative of 

submergence in water (reducing conditions). The Quaternary marine, QM coarse-grained sands are 

well drained with very low moisture content (Table IX).  
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Figure 22: Box plots of seedlings density on 1 x 1 m plots from Eloka-To (A), Agban (B), Audoin-Bégréto (C) 

and Mois (D) forest stands. Values are means ± range. 

 

Table IX: Moisture content (%) and loss on ignition (%) of outcrops surrounding the Ebrié lagoon 

subcatchment. 
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Highest moisture content (20.9 %) was recorded for the CTeast surface exposures. This implies that 

they have good water holding capacity and as such are the least prone to agricultural droughts. LOI 

as a surrogate for organic matter composition (Table IX), showed that the QM have very low organic 

matter content (0.15 – 0.27 %), followed by CTeast. CTwest sediments are rich in organic matter as 

it makes up to 14 % of bulk rock composition. CTeast are predominantly silty claystone and siltstones. 

CTwest are Fe-rich silty claystones. The Quaternary Marine sands, QM of the barrier islands are 

unconsolidated sandstones (Photo 11). The Quaternary marine sediments are acidic with 94 – 98 % 

SiO2 and an Al/Ti ratio between 7 and 29 %. CTwest sediments are ultrabasic with relatively lower 

percentage of SiO2 (5 – 25 %) and Al/Ti between 15 and 38 %. CTeast rocks are intermediate to acidic 

with SiO2 values between 50 and 86 % and an Al/Ti ratio between 12 and 17 %. 

The potential impact of high concentrations of silicon oxide, an acidic oxide in these rocks on 

dissolution, is groundwater acidification (Brownlow, 1979). The hydrolytical weathering of silicon 

oxide leads can lead to the stepwise formation of weak silicic acid (Brownlow, 1979): 

SiO2(qtz) + 2H2O ↔ H4SiO4(aq)                                     Eq. 25 

H4SiO4 ↔ H3SiO4
- + H+                             Eq. 26 

H3SiO4 ↔ H2SiO4
2- + H+                Eq. 27 

Furthermore, the dissolution of other silicate minerals can lead to increase of silicate concentrations 

in water, e.g. the weathering process of kaolinite, Al2Si2O5(OH)4 (Eq. 27) and k-feldspar, KAlSi3O8 

(Eq. 28) result in the formation of gibbsite (Al(OH)3) and silicon oxide: 

Al2Si2O5(OH)4(s) + 5H2O ↔ 2Al(OH)3(s) + 2H4SiO4(aq)                                                    Eq. 28 

KAlSi3O8(s) + H+ + 7H2O ↔ Al(OH)3(s) + K+
(aq) + 3H4SiO4(aq)                                       Eq. 29 

From mineralogical perspective, QM are dominated by quartz (97 %) with traces of k-feldspar and 

plagioclase. CTeast constitute mainly quartz (87 %) with traces of goethite (8 %) and kaolinite (5 %). 

Generally, CTwest are dominantly goethite (65 %) or haematite (37 %) with kaolinite (14 %), quartz 

(11 %) and traces of k-feldspar and plagioclase. Goethite is an important constituent of the CTwest 

rocks with dominance of 100 % in samples G5 and G7. The formation of goethite, the hydrated form 

of ferric oxide takes place in the presence of organic matter and low iron oxides under oxidizing 

conditions, Whereas, clays (kaolinite/chlorite) are by-products of extreme chemical weathering 

(Harrison, 2007). Goethite and clays are usually component of old, highly weathered rocks 

(Harrison, 2007). Details of mineralogical composition of rock samples can be found in Appendix 

I.  
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The rocks recorded very high alteration index with values between 96 and 100 %, except for the QM 

with alteration index value of 67 (G9) and 89 % (G10). This depicts the unconsolidated QM sands as 

the least weathered. The surface exposures plot mainly within the kaolinite/gibbsite/chlorite stability 

fields of the A-CN-K ternary plot (Figure 23). This implies that hydrolytic weathering have changed 

the rock compositions towards the apex (Bahlburg & Dobrzinski, 2011) with high alteration indices 

and low Na+ and Ca2+ values. The QM sediments that plot within the illite stability fields were the 

least altered. The weathering trend strongly suggests granite/rhyolite as precursors. Average Na2O 

(%) was 0.06, 0.02 and 0.01 for the QM, CTwest and CTeast respectively. Values much lower than 

that of the upper continental crust of 3.56 (Wedepohl, 1995). Average CaO (%) was 0.05, 0.02 and 

0.03 for QM, CTwest and CTeast, respectively. Values much lower than that of the average upper 

continental crust of 4.24 % (Wedepohl, 1995).  
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Figure 23: Ternary plot of Al2O3– CaO+Na2O– K2O (A-CN-K) of rock samples. 
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CHAPTER 4: Water quality assessment 

Observed spatiotemporal variations in coastal water quality are provided under this section. 

4.1. Precipitation  

There was a clear longitudinal variation in precipitation amount along the study area based on 5-

decade average. Mean annual precipitation was 1,704 mm (mean of 1970-2014) for Abidjan (central 

part of the sub-catchment), 1,520 mm (mean of 2001 – 2013) for Jacqueville (western part), and 1,727 

mm (mean of 1970 – 2012) for Bingerville (eastern part). Bagnouls-Gaussen bioclimate 

(umbrothermic) diagram revealed four inter-annual seasons (Figure 24). These are: 

 Long dry season (LDS)  

 Long rainy season (LRS)  

 Short dry season (SDS)  

 Short rainy season (SRS)  

Spatial variations were also observed in these inter-annual seasonal cycles. The eastern and central 

parts of the study had five dry months (months with less than 100 mm of precipitation), while six dry 

months were observed in the western parts. The tropical monsoon climate is highly influenced by 

seasonal land-sea temperature differences, reflected by the position of the Inter-Tropical Convergence 

Zone, ITCZ. The ITCZ is a low-pressure belt of confluence between the northern and southern 

hemisphere trade winds generally near the equator that migrates in a latitudinal direction (Binet & 

Marchal, 1993). Figure 25 shows the latitudinal position of the ITCZ during the dry (January) and 

rainy (October) seasons of 2014. February to August, the ITCZ moves steadily upward in a 

septentrional (northwards) position. During this period, oceanic processes (southwest monsoon rains) 

dominate, engendering the LDS and LRS, respectively (Durand & Chantraine, 1982). Conversely, 

shifts southwards (meridional) in August to February is with relatively more rapid descent, 

engendering similar seasons (SRS and SDS), albeit with minimal effects (Durand & Chantraine, 

1982). During this period, continental processes dominate, dry northeast trade winds (harmattan) 

sweep across the littoral. 

4.1.1. Drought indices 

Precipitation deficit have far-reaching impacts on groundwater, stream flow and other ephemeral 

surface storage systems. Although, the probability of occurrence of extreme weather events is low in 

the study area, marked seasonal variation is common occurrence. 
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Figure 24: Graph showing average monthly rainfall amount (data source: SODEXAM). LDS is long dry season; 

LRS is long rainy season; SDS is short dry season and SRS, short rainy season for the Abidjan 

(central parts of the study area), Bingerville (eastern parts), and Jacqueville (western parts) 

meteorological stations. 
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Figure 25: The mean position of ITD, CAB and ITCZ. Top: 3rd decade of January 2014 (black), 2nd decade of 

January, 2014 (blue). Bottom: 3rd decade of October 2014 (black), 2nd decade of October, 2014 

(blue). The red and green triangles represent their maximum and minimum displacements 

respectively. (Source: ACMAD, 2014a, b). 
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For the Bingerville area, a 90th percentile (2,420 mm) cut-off designates the years 1976 and 1982 as 

extremely wet years, while 10th percentile (1,398 mm) cut-off designates the years 1970, 1988, 1989, 

1992, 1998 and 2003 as extremely dry years. For the Abidjan area, a 90th percentile (2,175 mm) cut-

off designates the years 1974, 1975, 1976 and 1982 as extremely wet years, while a 10th percentile 

(1,283 mm) cut-off designates the years 1985, 1986, 1995 and 1998 as exceptionally dry years. For 

the Jacqueville area, a 90th percentile (1,952 mm) cut-off designates the years 1974, 1976, 1996 and 

2010 as extremely wet years, while at a 10th percentile (1,109 mm) designates the years 2004, 2011, 

2012 and 2013 as extremely dry years. Mann Kendall test revealed this decrease to be statistically 

significant (p-value less than 0.05). For the Abidjan region, rupture, that is downward trend in 

precipitation (values below the multi-temporal moving average of 1,704 mm for the observation 

period between 1970 and 2014), started in the year 1983 after the major ENSO events. The year 1983 

was earmarked as a year of intense drought. Precipitation deficit was between 18 and 20 % for this 

year (Bigot, 2004). Climate anomaly was observed over much of the globe during this year due to 

the intense El Niño-Southern Oscillations (ENSO) event (Rasmusson & Wallace, 1983). However, 

recovery (precipitation amount above moving average) for the Abidjan and Bingerville areas is 

evident after the 2009/10 ENSO event (Figure 26). On the contrary, for the Jacqueville area, 

downward trend in precipitation began since the year 1993/94 and continues until present (Figure 26). 

Since, the flow rate of the rivers draining the Ebrié sub-catchment is mainly controlled by rainfall 

(United Nations, 1988), negative impacts of precipitation deficit is evident on river systems. For 

instance, the annual average flow rate of the Comoé River, responsible for 75 % of the freshwater 

input into the sub-catchment (Guiral, 1992), reduced from 331 m3/s in 1960-70, to 161 m3/s in 1970–

80, 119 m3/s in 1980-90 (Convention on Biodiversity, 2009) and 83.8 m3/s in 1993 (Hauhouot, 

2002). Furthermore, the Agnéby River, one of the largest freshwater reservoirs in the area also 

recorded a flow deficit of 51 % between 1955 and 2000 (Jallow et al., 1999; Kouakou et al., 2012). 

Evidences of precipitation deficit and reduction in fluvial inputs in the littoral zone are dried 

up/abandoned groundwater wells and poor agricultural yields (Brou Yao, 2010). In addition to high 

deforestation rates as causative factors influencing local microclimate (Brou Yao et al., 1998), 

substantial evidences exist of a direct relationship between the shape of the shoreline, progression of 

sea-breeze front and rainfall amount on adjacent inland areas (Bakun, 1978; Negri et al., 1994; 

Mazón et al., 2013). The concavity of the Ivorian coastline diverges oceanic breeze, resulting in 

scarce precipitation on adjacent inland areas (Poorter et al., 2004; Mazón et al., 2013). Coastline 

orientation is WSW-ENE between Tabou (western border) and Sassandra, E-W from Sassandra to 

Abidjan and WNW-ESE from Abidjan to its eastern border (Wozazek, 2001). 
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Figure 26: Yearly trend in precipitation across the study area. Abidjan (top) Jacqueville (middle), and 

Bingerville (bottom). Thick lines represent moving average, while dashed lines are second order 

polynomial fitted curves. 
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Figure 27: Temporal evolution of SPEI at different time scales for the Abidjan meteorological station. Time 

scale of 3-, 6- and 24-months depicts meteorological, agricultural, and hydrological/socio-economic 

droughts, respectively. 
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Figure 28: Temporal evolution of SPEI at different time scales for the Bingerville meteorological station. Time 

scale of 3-, 6- and 24-months depicts meteorological, agricultural, and hydrological/socio-economic 

droughts, respectively. 
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This disparity in the distribution of rainfall amount along the Ivorian coastline is reflected further 

inland by the V-shape delimitation (savannah intrusion) of the Guinea Savannah area commonly 

referred to as ‘the V-Baoulé’.  

Standard Precipitation Evapotranspiration Index (SPEI) was computed for only Abidjan (Figure 27) 

and Bingerville (Figure 28) meteorological stations. Results were however lacking for Jacqueville 

station due to incomplete data on temperature. For Abidjan, count of the number of years with SPEI 

values lower (higher) than −0.1 (+0.1) for the SPEI-3 month time scale, showed that the 1980-89 

decade had the most persistent meteorological drought with 23 % of the SPEI values below the 

drought line (-1.00). This is followed by the 1990-99 decade and lastly the 2000-10 decade. The 1970-

79 decade was the wettest with over 40 % of SPEI values above the wet line (+1.00). Extremely wet 

years during this period were 1976/77, 1982/83, while severely dry years were 1987, 1998/99 and 

2013/14. On the other hand, in Bingerville, the 1990–99 and 2000–10 decades showed the most 

persistent meteorological drought, both with 18 % of the SPEI values below the drought line (-1.00). 

The 1980-89 decade was the wettest in this area with 23 % of SPEI values above the wet line (+1.00). 

Presently, the Bingerville area shows no sign of water stress (Figure 28). 

4.1.2. Hydrochemistry of precipitation 

Analytical precision and accuracy was estimated as better than 15 %. This relatively high ion balance 

error might be due to the formation of precipitates in some samples or the omission of analyses of 

some ions with main contributions to water chemistry. For analyses with less than 15 % non-detects, 

half the value of the method’s detection limit, MDL was substituted for non-detects for statistical and 

plotting purposes (Mitchell, 2006). The iron and manganese concentrations with non-detects of more 

than 50 % were excluded from statistical analyses. Furthermore, these parameters were measured 

once in January (dry season). Physicochemical parameters of rainwater are summarized in Table X. 

Rainwater were mainly of the Na-HCO3 hydrochemical facies. The end of the dry season (March) is 

marked by Ca-SO4 facies, while the end of the short rainy season was marked by Ca-HCO3 type. Na-

Cl facies were recorded at the end of the long rainy season (June) and a mixture of Ca-Cl and Na-Cl 

type were recorded during the short dry season (August). 

  

Stable isotopes in Abidjan precipitation 

During the dry season, precipitation was more enriched in heavy isotopes of oxygen-18 and deuterium 

compared to the rainy season. Mean values of δ18O and δ2H in precipitation were -0.84 and 1.48 for 

the dry season, and -2.27 and -7.40 for the rainy season, respectively. The observed changes in 
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isotopic composition in precipitation reflect the position of the Inter Tropical Convergence Zone 

(ITCZ). During the dry season (January/February), the ITCZ was closer to the equator in its 

southward descent (ACMAD, 2014a). The warm, dry harmattan NE trade winds were dominant 

(Pàges et al., 1979) and as such, rain falls through dry air, leading to secondary evaporation. During 

evaporation, light isotopes preferentially enter the vapour phase, while heavy isotopes are 

concentrated in the liquid phase (Dansgaard, 1964). Conversely, during the rainy season 

(September/October), the ITCZ was furthest north (ACMAD, 2014b) and relatively cold, humid SE 

trade winds (southwest monsoon) of maritime origin dominates (Morlière & Rebert, 1972), leading 

to precipitation depleted in heavy isotopes. The relationship between stable isotope composition in 

precipitation and three major descriptors of climate (surface air temperature, rainfall amount, and 

relative humidity) was investigated. Results showed that precipitation amount controlled the isotopic 

composition of precipitation, but temperature did not play an important role. There was rather a 

correlation with precipitation amount (r2 = 0.5). This is known as the amount effect (Dansgaard, 

1964). Based on a δ18O - δ2H plot (Figure 29), the local meteoric water line (LMWL) plot on a linear 

regression of δ2H = 7.2* δ18O + 8.2 (r2 = 0.95). This fits perfectly to the revised regression slope of 

8.17 ± 0.07 ‰ and with an intercept of 11.27 ± 0.65 ‰ (Rozanski et al., 1993). 

4.2. Groundwater aquifers 

Spatiotemporal trends were observable in groundwater levels. The depth to water table was recorded 

in all studied wells during the dry (January/February) and rainy (September/October) season. The 

results are given in Table XI. Water levels representing non-pumping conditions showed seasonal 

fluctuations. The phreatic groundwater table is usually shallow and ranged between 0.2 and 4.87 m 

below the soil surface for the dry season. This however, significantly increased to values between 

0.05 and 6.4 m during the rainy season. Factors that might influence these variations are rate of 

groundwater abstraction and aquifer material. As groundwater flow is topography-driven, active 

recharge areas where identified as high altitude areas from a potentiometric surface map (Figure 30). 

The general flow direction is north - south, besides few localized exceptions. From the plot of water 

levels from monitoring wells versus meteorological (temperature and precipitation) data (Figure 31), 

the movement of the water level clearly illustrates the delay in water transfer after rain events from 

the surface to the subsurface. Time lag was approximately one month after the peak of seasonal 

rainfall events for Abidjan and Dabou areas. There was however, a corresponding increase in water 

table following peak rain events in Bingerville. Regional groundwater recharge by infiltrating 

precipitation seems possible during April to July and in October –November. The total precipitation 

for the studied dry season (January/February) of 2014 was 44.5 mm. 
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Table X: Summary of physicochemical parameters of rainwater (n = 30). 

 

 

 

Figure 29: δ18O - δ2H plot of precipitation waters of Abidjan. 
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Table XI: Water table level from ground surface in wells for the dry and rainy season and their total depth 
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Figure 30: Potentiometric surface maps showing flow direction from static, non-pumping water levels (m below 

land surface) of the unconfined aquifers for the dry (top) and rainy season (bottom). 
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Figure 31: Groundwater recharge history as shown by monthly fluctuations in water table level recorded from 

piezometers (GWL) (data source: L’Office National d’Eau Portable, 2014) superimposed on 

umbrothermic diagram. Abidjan (top), Dabou (middle), and Bingerville (bottom). The borehole 

responded to peak rain event after a time lag of one-month for Abidjan and Dabou, and 

simultaneously for Bingerville. 
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This represents only 2.1 % of total annual precipitation amount of 2,141.8 mm, whereas, precipitation 

for the rainy season (September/October) of 2014 was 154.6 mm; representing 7.22 % of total annual 

precipitation. Based on a chloride mass-balance calculation; regional mean groundwater recharge was 

estimated at 0.25 mm/month for the dry season with minimum and maximum values of 0.02 and 

16.45 mm/month, respectively. This signifies that between 0.1 % and 37 % of precipitation for this 

period infiltrated into these aquifers. On the other hand, for the rainy season, mean groundwater 

recharge was 0.49 mm/month with minimum and maximum of 0.03 and 5.63 mm/month, 

respectively. This signifies that between 0.02 % and 3.6 % of precipitation for this period infiltrated 

into these aquifers. 

4.2.1 Physico-chemical parameters 

pH: The pH mirrors the current condition of the buffer system. Groundwater pH was in the acid range 

during the investigation period for majority of the water wells. In these coastal wells, groundwater 

acidification was a more likely occurrence during the rainy season. During the dry season, pH was in 

the range of 4.3 – 7.1, 4.5 – 6.7 and 4.1 – 6.6 for the QM, CTeast and CTwest aquifers respectively. 

During this period, wells with pH values lower than the WHO drinking water standard (6.5 < pH > 

8.5) were 75 %, 62 % and 69 % for the QM, CTeast and CTwest aquifers respectively. Whereas, 

during the rainy period, pH ranged between 4.7 – 7.5, 4.6 – 7.2 and 4.4 – 6.6 for the QM, CTeast and 

CTwest aquifers, respectively. Thirty-nine percent of wells within the QM aquifer recorded pH lower 

than that of the WHO drinking water standard. 77 % and 89 % of wells within the CTeast and CTwest 

aquifers, respectively recorded pH lower than the designated WHO standard. Majority (67 %) of the 

boreholes were acidic during the dry season with values between 3.9 and 7.4. For the rainy season, 

values did not vary much and range between 3.9 and 7.4. Groundwater acidity provides evidence for 

silicate mineral hydrolysis and water-rock interaction.  

Temperature: Groundwater temperatures were much higher during the dry season with values 

ranging between 23.5 – 33.2, 27.5 – 30.7, and 27.1 – 30.9 °C for QM, CTeast, and CTwest aquifers, 

respectively. Whereas, during the rainy season temperatures showed significant decrease with values 

between 28.2 – 29.8, 26.5 – 29.9 and 26.5 – 29.5 °C for QM, CTeast, and CTwest aquifers, 

respectively. The CTwest aquifer contained the coolest waters. 

Turbidity: Groundwater was relatively more turbid during the dry season. This is because of the 

relatively lower water table coupled with the fact that the majority of the dug wells are open bottom 

and well water is in direct contact with aquifer materials. Range of values were 0.45 – 95, 0.31 – 18.5 

and 1.5 – 80.9 NTU for the QM, CTeast and CTwest aquifers, respectively. Forty-six percent of wells 
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within the QM aquifers recorded turbidity values higher than the permissible WHO drinking water 

standard of 5 NTU. Only 50 % of the wells within the CTeast and CTwest showed values exceeding 

the WHO standard during dry season.  

During the rainy season, highest turbidity (36.9 NTU) was recorded in well p26 within the CTwest 

with range of values between 0.86 – 36.9 NTU. For the CTeast, turbidity values range between zero 

and 19.7 NTU, whereas the QM aquifers recorded values between 0.75 and 32.5 NTU. Percentage of 

wells with turbidity above the permissible WHO standard (5 NTU) was 25 %, 31 % and 33 % for the 

QM, CTeast and CTwest aquifers, respectively. 

Dissolved oxygen: The freshwater wells within the coastal environment are highly anoxic. None of 

the studied wells attained the WHO drinking water standards for dissolved oxygen during the 

investigation period. Dissolved oxygen values ranged between 1.8 – 4.5, 1.4 – 5.3 and 1.6 – 5 mg/L 

for the QM, CTeast and CTwest aquifers, respectively during the dry season. Recorded range of 

dissolved oxygen values for the rainy season were between 1.1 – 5.6, 0.7 – 4.8 and 1.1 – 5.6 for the 

QM, CTeast and CTwest aquifers, respectively. The lowest dissolved oxygen value (0.7 mg/L) was 

recorded in well p9 within the CTeast aquifer during the rainy season. Groundwater hypoxia is 

indicative of recharge waters with relatively short residence time and as such, oxidation is incomplete 

producing low dissolved oxygen concentrations (Verstraeten et al., 2005).  

4.2.2. Hydrochemical characterisation 

Overall, 149 samples were analysed for their chemical and isotopic composition. The ion balance 

error ranged ± 10%. However, this value was exceeded by about 12 % of the samples during the 

investigation period. Potential for groundwater salinization was higher during the dry season. 

Maximum chloride concentration was 1,088 mg/L, 36.8 mg/L, 72.9 mg/L for QM, CTwest and 

CTeast aquifers, respectively. Tolman and Poland (1940) regarded water with chloride 

concentrations above 100 mg/L as contaminated. Based on their classification, for the dry season, 

two wells, both within the QM aquifer: p4 (Cl: 105.3 mg/L) and p15 (1,088 mg/L) were considered 

contaminated. During this period, F5 was the only borehole from the deep aquifers, which was 

contaminated with a chloride concentration of 380 mg/L.  

During the rainy season, maximum chloride concentration was 785.24 mg/L, 72.94 mg/L and 36.8 

mg/L for the QM, CTeast and CTwest aquifers, respectively. As with the dry season, only wells and 

one borehole within the QM aquifer recorded chloride concentrations above 100 mg/L: wells p2 

(111.24 mg/L), p4 (139.2 mg/L), p15 (785.2 mg/L) and p24 (113.6 mg/L) and borehole, F5 (381.6 

mg/L). The QM aquifer is the most susceptible to seawater intrusion.  



96 

 
 

Although, no health-based guideline value has been proposed for chloride in drinking water, Chloride 

concentrations in excess of 250 mg/L can give rise to detectable taste (World Health Organization, 

2003). Drinking of such water can induce fatal dehydration and long-term consumption can lead to 

kidney damage and even death (National Oceanic and Atmospheric Administration, 2014). It is 

therefore not advisable to drink water from borehole F5 and well p15 with chloride in exceedance of 

250 mg/L during the investigation period.  

There exists no correlation between chloride concentrations in groundwater wells and their 

perpendicular distance to the Atlantic coastline (Figure 32). There was however a weak positive 

correlation (r2= 0.5) between chloride concentration in water wells with total well depth (Figure 33). 

The existence of a vertical salinity gradient in these groundwater wells denotes natural salinity 

sources (Richter et al., 1991). Subsequently, plots were made of measured major ions versus chloride 

(Appendix III). Mixing trends were evident from these composite plots.  

The piper plot (Figure 34) showed that majority of the water wells (87 %) belonged to the Na-Cl 

hydrochemical facies during the dry season. Other hydrochemical facies during this season were 

mixed cation type-HCO3 (p7 and p14) and Ca-HCO3 type (p19 and p22). Both water types probably 

evolved in disseminated clay zones by ion exchange (Hiscock, 2009). Except for borehole F6 (Ca-

HCO3 hydrochemical facies), all boreholes were of the Na-Cl water type during the dry season.  

During the rainy season, all boreholes belonged to the Na-Cl facies. Eighty percent of the studied 

wells belonged to the Na-Cl hydrochemical facies. Wells p7, p8 and p22 were of the Ca-HCO3 

hydrochemical facies. Well p22 maintained the Ca-HCO3 facies type. The Ca-HCO3 water type is 

characteristics of recently recharged waters (Hiscock, 2009). Signs of early salinization were evident 

in well p27 that evolved geochemically as a Ca-Cl water type (Vengosh et al., 1999). Wells p3, p31 

and p32 evolved as Ca-Mg-Cl water types. Ca2+ in these water samples were probably derived from 

reverse ion exchange and/or plagioclase albitization (Hiscock, 2009): 

CaAl2Si2O8 + 4 SiO2(aq) + 2 Na+
(aq) = 2NaAlSi3O8 + Ca2+

(aq)            Eq. 30 

     anorthite                                                                               albite 

 

Wells (p7 and p15) and borehole F5 showed carbonate mineral saturation during the rainy season 

with saturation indices greater than 1. Based on the grading category of Kelly (2005), different 

groundwater categories are presented in Table XII. Na/(Na+Ca) ratio can be used to identify surface 

and groundwater chemistry (Gibbs, 1992). A triad of precipitation, water-rock interactions, and 

seawater salinization is responsible for the coastal water chemistry from the Gibb’s diagram (Figure 

35). 
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Figure 32: Chloride concentration (mg/L) versus perpendicular distance to the coastlines (km) for the dry and 

rainy seasons. 

 

 

 

Figure 33: Chloride concentration (mg/L) versus total well depth (m) for the dry and rainy seasons. 
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Figure 34: Trilinear diagram (Piper, 1944) of major ions of the groundwater and inshore systems for the dry 

(top) and rainy (below) seasons. 
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Table XII: Categories of groundwater after Kelly (2005). 

 

 

 

 
Figure 35: Plot of TDS versus Na/(Na + Ca) molar ratios (Gibbs, 1992) for the dry (top) and rainy (bottom) 

seasons. 
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Evaporation and mixing processes exerts the most control on water chemistry during the dry season, 

while water-rock interactions dominated during the rainy season. 

Furthermore, results from the Durov plot (Figure 36) match with those of the Piper and Gibb’s plot, 

but it highlights simple mixing/dissolutions and reverse ion exchanges as the main geochemical 

processes controlling coastal water chemistry. The mixing relationship is evident from the plot of a 

high percentage of samples (dry season: 58 %; rainy season: 72 %) along the theoretical mixing line 

(fields 3-5-7). According to the interpretation of the Durov plot by Llyod and Heathcote (1985), for 

the dry season, samples (F6), which plotted on field 3 belongs to the Na-HCO3 facies. Samples on 

field 4 (p11, p26, p29, p31) denote mixed anion waters – simple dissolution. Samples on field 5 (p13, 

p25, F3) indicate no dominant ion, on field 6 (p7, p19, p22) indicate probable mixing. Field 7 with 

majority of the samples (46 %) is indicative of Na-Cl waters, resulting from reverse ion exchange. 

Lastly, samples that plots on field 8 (p4, p9, p14, p17, p20) were also indicative of reverse ion 

exchange of Na-Cl waters. Geochemical evolution was evident in the groundwater systems during 

the rainy season. Samples on field 1 (p27) are recharge waters of the Ca-HCO3 facies. Only sample, 

p8 plotted on field 3. Samples on field 4 (p3, p31, F6), Samples, p7 and p22 formerly on field 6 

(probable mixing) now plots on field 5 (no dominant ion). During this period, highest percentage of 

samples (56 %) now plots on field 6 (probable mixing) as opposed to field 7 (reverse ion exchange) 

during the dry period. Lastly, samples p6 and p30 formerly on field 7 now plots on field 8. 

Nitrate contamination of drinking water sources 

Nitrate concentrations for the studied groundwater sources are displayed in Figure 37. Nitrate 

contamination is a serious problem in this coastal environment (Scheren et al., 2004). For the wells, 

nitrate values ranged from 0.3 to 139.5 mg/L during the dry season. Only 21 % of the studied wells 

had values above the WHO permissible limit of 50 mg/L. These are wells p3, p4 (QM aquifer), p5, 

p10, p12 (CTeast), p16 and p21 (CTwest). Whereas, during the rainy season, nitrate concentrations 

ranged from 0.0 to 165.9 mg/L. The WHO threshold value of 50 mg/L was exceeded in about 14 % 

of the wells. These are wells p3 (QM aquifer), p1, p10, p12 (CTeast), p21 (CTwest). For the 

boreholes, nitrate concentrations ranged between 0.3 to 130 for the dry, and 0.4 to 92.5 mg/L for the 

rainy season. WHO drinking water standard was exceeded only in borehole, F1 with values of 130 

mg/L for the dry, and 92.5 mg/L for the rainy season. Nitrate contamination of coastal wells is a more 

likely occurrence during the rainy season. Nitrate concentration greater than 50 mg/L can cause 

methemoglobinaemia in infants less than six months old and in addition can form carcinogenic 

nitrosamine in the human intestines (Environmental Protection Agency, 1976; Heathwaite et al., 

1993). 



101 

 
 

 

Figure 36: Expanded Durov diagram (Durov, 1948) with pH and TDS data of major ion analyses of the different 

coastal water systems for the dry (top) and rainy (bottom) season, respectively. Thick blue diagonal 

line is a theoretical mixing line. 
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Likely nitrate sources are septic systems with ability to oxidize organic nitrogen from human wastes 

and produce nitrate, thereby enriching groundwater (Valiela et al., 1992). 

4.2.3. Microbial safety of groundwater wells 

Faecal coliform (thermo-tolerant) bacteria are a subset of total coliform bacteria. Their presence in 

water indicates human and/or animal faeces. Epidemiological studies have demonstrated a 

relationship between faecal contamination of waters and adverse health outcomes (Prüss, 1998). 

Although, majority of the faecal bacteria are harmless, the harmful pathogens can lead to illnesses 

such as gastroenteritis, typhoid, hepatitis A, dysentery, ear infection, and cholera. Results show faecal 

bacterial contamination in all studied wells (Figure 38). This implies that these wells are microbially 

unsafe drinking sources. During the rainy season, bacterial load ranged from 610 to 7,580 CFU/mL 

for CTeast aquifer, 140 to 1,760 CFU/100 mL for CTwest, and 300 to 18,000 CFU/100 mL for the 

QM aquifer. According to WHO guidelines (World Health Organization, 1996), faecal coliform 

bacteria must not be detectable in any 100 mL sample. Faecal contaminants in these wells portray the 

poor sanitary conditions, hygienic and sewage disposal systems, prevalent in these coastal rural 

communities.  

4.3. Surface water systems 

The main surface water systems are the paralic Ébrié lagoon and the inshore environment of the south 

Atlantic. The surface water systems are heterogeneous reflected by the spatiotemporal variations in 

its water quality (Table XIII).  

Temperature (°C): temperatures of the Ébrié lagoon decreased significantly from an average of 30.3 

± 0.9 °C during the dry season to 29 ± 1.1 °C during the rainy season. Highest seasonal variations 

was recorded in stations I and IV. Maximum temperature (31.5°C) was recorded in station I for the 

investigation period. Along the Atlantic coastline, similar trends were observed. Surface water 

temperature decreased from mean value of 27.1 ± 0.2 °C during the dry season to 26.5 ± 0.1 °C during 

the rainy season. 

pH: The pH of the lagoon varied between weakly acidic (6.4) to strong alkaline (8.9). Generally, pH 

decreased from a mean of 7.5 ± 0.5 during the dry season to 7.1 ± 0.5 during the rainy season. The 

highest spatiotemporal variations were recorded in station IV; areas bordering the Azagny national 

park, partially shaded by mangroves Rhizophora racemosa (Nicole, 1994). The alkalinity of the 

lagoon might be a result of its permanent contact with the sea. Along the Atlantic coastline, there was 

a slight increase in pH from 8.0 ± 0.1 during the dry season to 8.1 ± 0.1 during the rainy season. 
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Figure 37: Nitrate concentration (mg/L) in drinking water wells for the dry (top) and rainy (bottom) seasons. 

 

 

Figure 38: Faecal coliform density (CFU/100 mL) in all studied wells during the rainy season. 
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Table XIII: The range of environmental variables measured of the surface water systems for the dry (top) and 

rainy (bottom) seasons. 
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Dissolved oxygen (mg/L): The general trend in dissolved oxygen was a seasonal decrease. Dead 

zones (DO: 2 - 3 mg/L, National Oceanic and Atmospheric Administration, 1998) was observed 

at stations I (DO: 1.7) and IV (DO: 2.6) respectively were recorded during the rainy season. These 

are areas harbouring vast acres of mangrove with seasonal infestations of aquatic weeds (Guiral et 

al., 1983). The ecological implication of hypoxia is an increase of carbon dioxide from plant and 

bacterial respiration that may eventually lead to a lowering of the pH (Murphy, 2007). Contrariwise, 

station II (DO: 12 mg/L) and station IV (DO: 9.2 mg/L) were oxygen supersaturated during the dry 

period. Oxygen super-saturation indicates active algae photosynthesis and this is a normal occurrence 

in alkaline and relatively unpolluted waters (Murphy, 2007). Along the inshore, mean dissolved 

oxygen increased from 6.6 ± 0.3 mg/L during the dry season to 6.9 ± 0.7 mg/L during the rainy 

season. 

Turbidity (NTU): Spatiotemporal variations in turbidity values were very high. Turbidity levels of 

the lagoon increased significantly from a mean of 12.2 NTU during the dry season to 33.5 NTU 

during the rainy season. High turbidity (236 NTU) recorded during the rainy season in station II is a 

result of ongoing dredging activities. Along the inshore, mean turbidity values were 3.6 ± 1.2 NTU 

for the dry season and 5.8 ± 5.0 NTU for the rainy season.   

Total dissolved solids, TDS (g/L): Mean TDS value for the lagoon was 10.0 g/L during the dry 

season. Freshwater inputs during the rainy season diluted the lagoon water to a mean of 2.0 g/L. The 

highest variations were recorded in station II, being after Durand and Guiral (1994) the most 

hydrodynamically unstable parts of the lagoon. Station I is in a perpetual freshwater state. The higher 

salinity levels during the dry period are evidence of strong marine influence. Along the inshore, 

significant seasonal differences in TDS were also recorded. Mean values were 35 and 31.5 g/L for 

the dry and rainy seasons, respectively. The reduction in salinity during the rainy period attests to 

continental freshwater inputs. As concerns coastal hydrology, this man-made modification to the 

coastal system (dredging of the Vridi canal) paved way for salinity fluctuations in the lagoon, which 

prior to the opening were rarely above 6 mg/L (Dufour, 1982) with consequent development of a 

halocline in the western part of the lagoon (Binder, 1968) and hypoxic pockets (Dufour & 

Slepoukha, 1975).  

Nutrients (nitrate, phosphate, and silicate) as pollution tracers: Phosphate and nitrate are 

limiting nutrients in the development of the photosynthetic activity of phytoplankton (Dufour & 

Berland, 1999). Therefore, changes in nutrient concentration and availability can have marked 

influence on organisms and ecosystem function (Persson et al., 2000). The presence of nitrate depicts 
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relatively older nutrient inputs (Suthers & Rissik, 2009). On the Ébrié lagoon, nitrate levels increased 

from a mean of 9.4 mg/L during the dry season to 371 mg/L during the rainy season. Nitrate 

contamination hotspots were highlighted by Voronoi (Voronoi, 1907) tessellations (Figure 39). The 

highest value (L3: 332.3 mg/L), recorded east of the lagoon might be a result of from agricultural 

discharges from adjoining upland commercial farm of vast acres of African palm, Elaeis guineensis. 

Along the inshore, mean values were 6.9 and 722.9 mg/L for the dry and rainy seasons, respectively. 

On the Ébrié lagoon, mean values of phosphate increased from 4.9 mg/L during the dry season to 

61.7 mg/L during the rainy season. Along the inshore, mean values was 0.9 mg/L for the dry season, 

with a significant increase to 642.5 mg/L during the rainy season. The values of PO4 exceed the 

critical value of 0.15 mg/L, considered as the main requirement for the avoidance of eutrophication 

in surface waters (Van Dijk et al., 1994). 

Along the sandy beaches, mats of decaying brown sargassum seaweed were physical evidence of 

nutrient over-enrichment during the rainy season (Photo 12). The availability of nitrate and phosphate 

in combination with changing water circulation patterns fuels macroalgae bloom (Raffaelli et al., 

1998). High nutrient (nitrate and phosphate) levels in this tropical environment is a decades-old 

problem (Dufour et al., 1981; Dufour & Lemasson, 1985), similar to what is obtainable in Lake 

Victoria in East Africa (Zhou et al., 2014) and some other coastal zones of the world (Diaz et al., 

2011). Diaz et al. (2011) postulate that nutrient enrichment (eutrophication) is a key stressor in coastal 

ecosystems and the lead cause of hypoxia (low dissolved oxygen) in coastal waters. Hypoxia, a more 

direct trigger of fish kills is a serious environmental challenge in fisheries managerial strategies. 

Different authors have put forward theories to support the influx of nutrients into these systems. 

Proposed sources for the Ébrié lagoon includes urban and agricultural run-offs (Scheren et al., 2004), 

and off the Atlantic coast, vertical upwelling currents that results in the upward movement of the 

horizontal nitracline from depths into the euphotic zone (Herbland & Le loeuff, 1993). Based on 

observations, periods of high nutrient availability coincide with the major ocean upwelling events off 

the Atlantic coastlines of Senegal and Mauritania (Herbland & Le loeuff, 1993).  

Nutrient stoichiometry (N : P molar ratios) gives insight into phytoplankton distribution. Surface 

water with short residence time usually have N:P ratios less than 26, while waters with longer 

residence time (more than 6 months) have N:P  ratios greater than 30 (Wetzel, 2001). Denitrification 

reduces N : P ratios, while nitrogen fixation increases N : P ratios (Gruber & Sarmiento, 1997). N 

: P ratio greater than 16 infers that P limitation of algae growth is occurring, while less than 14 depicts 

a N-limiting growth (Koerselman & Meuleman, 1996). 
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Figure 39: Voronoi tessellation to highlight contamination hotspot of nitrate (mg/L) on the Ebrié lagoon during 

the rainy period of 2014. The green shade areas have nitrate values below the WHO acceptable levels. 

 

 

 

 

Photo 12: The sandy beach of Azuretti covered by mats of brown macroalgae sargassum (October, 2014) <that 

on decay give off putrid smell.  
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Based on nitrogen/phosphate (N : P) molar ratios, all stations of the lagoon exhibited N-limiting factor 

for phytoplankton growth (ratio N/P less than 5), except station III during the dry season, which 

exhibits P-limiting factor for phytoplankton growth with a N: P ratio of 10.  

The shoreline manifested N-limiting factor of growth during the investigation period. On the Ébrié 

lagoon, threshold values of silicate were observed during the rainy season. While, mean silicate values 

were 87.7 ± 41.3 mg/L for the dry season, significantly higher values of 98.7 ± 54.9 mg/L were 

observed during the rainy season. Highest seasonal variations were observed in station I. The inshore 

was severely depleted in silicate during the dry season. However, a mean value of 15.9 ± 14.9 mg/L 

was recorded during the rainy season. Silica depletion in water is indicative of very short residence 

time (Hem, 1985). Silicate is the main requirement for diatoms to build their frustules (DeMaster, 

1981) and as such usually consumed before nitrate and phosphate in Ocean upwelling zones 

(Paasche, 1980).  

Surface water quality rating 

Water Quality Index (WQI) was developed based on four parameters (pH, dissolved oxygen, nitrate, 

and phosphate) important for the health of inherent fauna and fauna. Curves were used to relate 

measured concentrations to index scores. Weight of each parameter was the eigenvalues as derived 

from principal component analysis, PCA. Subsequently, WQI scores for one season are aggregated 

to single numbers (Brown et al., 1970). Resulting water quality classes are presented in Table XIV. 

The lagoon water is more highly prone to degradation during the rainy season from land-based 

contamination sources. The creation of a direct link between this environment and the sea via the 

artificial Vridi canal in 1950 has had adverse effect on coastal hydrologic systems (Durand & 

Skubich, 1982). It resulted in the closure of the Grand Bassam inlet, its natural conccection to the 

sea in 1954 (Varlet, 1978). The ecological implication of this is the proliferation of freshwater loving 

aquatic weeds (Eichhornia crassipes, Pistia stratiotes, nelumbo nucifera and Salvinia molesta) in the 

Ébrié lagoon since 1987 (Sankare & Etien, 1991).  

4.4. Correlation between environmental abiotic components 

The association between the physicochemical parameters of coastal surface waters was based on a 

correlation (Pearson) matrix (Table XV). Results show strong negative correlation (r2 = -0.86) 

between silicate and TDS, between temperature and TDS (r2 = -0.67) and between silicate. A positive 

correlation however existed between Turbidity and nitrate (r2 = 0.71) for the dry season. For the rainy 

season, there was strong negative correlation (r2 = -0.65) between between temperature and TDS. 

Positive correlation however existed between TDS and phosphate (r2 = 0.72) and TDS and pH (r2 = 
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0.65). These associations highlight seasonality and contrasting sources. These are abiotic variables 

with influxes from opposing sources, landward and seaward sides, respectively. Silicates in water is 

mainly of continental origin from the weathering of silicates and aluminosilicates in bedrock and soils 

(Neal et al., 2005), while pH and TDS is mainly of marine origin. Seasonal fluctuations in the quality 

of these shallow coastal waters are largely controlled by changing hydrologic regimes (Dandonneau, 

1973; Dufour, 1982). Before the onset of annual rainfall events, during the dry period (December – 

April), marine processes exert the strongest controls on the system’s biogeochemical processes. 

Whereas, after the rainfall events (June – July) and peak discharge seasons of the draining rivers 

(September – October), continental (fluvial and precipitation) processes dominates, resulting in the 

dilution of the coastal waters. 

4.5. Seasonal hydrologic interactions between coastal waters 

Temporal shifts in stable isotopic composition was observed in all coastal water sources except in the 

deep-water aquifers (Figure 40). This is indicative of the fact that these deep-water aquifers did not 

receive recharge during this period, confirming the delayed response in water transfer from surface 

to the subsurface environment. These deep groundwater systems respond slowly to changes in rainfall 

(Calow et al., 1997). For the inshore, the waters are isotopically depleted during the dry period 

relative to the rainy season. This might be due to the preferential loss of light isotopes during 

evaporation. Contrariwise, on the Ébrié lagoon, there was marked enrichment in heavy isotope during 

the dry season compared to the rainy season. The mean δ18O value of the lagoon during the dry period 

was similar to that of the seawater, confirming high marine influence on the lagoon. However, during 

the rainy period, stable isotopes signatures of the lagoon were relatively isotopically lighter, closer to 

those of the unconfined phreatic aquifers. As observed from the δ18O – δ2H plot (Figure 41), during 

the dry season, the lagoon was a homogenous body of water. Variability in isotopic composition was 

lower during the dry season relative to the rainy season. Mean stable isotope values were similar to 

that of the Atlantic Ocean. This suggests high marine influence and surface water evaporation during 

this period. However, three different water classes were distinguishable from during the rainy season. 

Group I (L1, L4, L5, L7, L8, L10, L11, L16, L31) are relatively depleted in heavy isotopes (δ18O, 

δ2H). Group II (L2, L9, L21, L23) encompasses areas of the lagoon with high freshwater influence. 

These are potential hyporheic zones. Group III (L3, L12, L13, L14, L15, L16, L17, L19, L22, L24, 

L25, L27, L29, L30) are points intermediate between group I and II. 
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Table XIV: Water quality rating for the different stations of the Ébrié lagoon during the investigation period. 

 

 

 

 

 

Table XV: Correlation (Pearson) matrix of coastal surface water systems for the dry (top) and rainy (bottom) 

seasons, respectively 

 

 

 

 



111 

 
 

4.6. Hydrological modelling  

The correlation matrices are given in Table XVI. PCA identified three main factors (Table XVII) 

controlling variations in coastal water chemistry for both seasons. Results were similar for both 

seasons. For the dry season, component F1 (eigenvalue, λ: 6.7), which accounts for 55 % of variability 

within the dataset relates to Na+- K+- Mg2+- Ca2+- Cl-- SO4
2- ion association derived mainly from 

water-rock interaction/geogenic source. Component F2 (λ = 1.7) has high positive loadings on the 

stable isotopes (δ18O and δ2H) and a negative loading on nitrate, contrasting climatic and 

anthropogenic sources, while component F3 (λ = 1.3) has high loading on bicarbonate and silicate; 

ions influenced by biological processes and as such not suitable as tracers. Whereas, for the rainy 

season, component F1 (eigenvalue, λ: 6.18) which accounts for 56 % of variability within the dataset 

relates to Na+- K+- Mg2+- Ca2+- Cl-- SO4
2- ion association derived mainly from water-rock 

interaction/geogenic source. Component F2 (λ = 1.7) has high loadings on the stable isotopes (δ18O 

and δ2H), confirming their climatic origin, while component F3 (λ of 0.97) has high loading on 

bicarbonate and silicate; ions influenced by biological processes and as such not suitable as tracers. 

Two factors were chosen; together, components F1 and F2 explained 76 % of variability within the 

dataset for the dry season, and 74 % of the variability within the dataset for the rainy season. This 

implied that a two-tracer, three endmember mixing model was adopted. As a conservative element, 

chloride was chosen from the primary component, F1 as an intrinsic tracer, while from the second 

component, F2, oxygen-18 was chosen over deuterium as the latter did not significantly correlate 

with any other variable in a prior correlation matrix (Table XVI). Results from the EMMA model are 

displayed as ternary plots (Figure 42). The calculated mixing ratios deduced from isotopic data agreed 

well with values obtained from chemical data. During the dry season, seawater intruded only into 

wells p7 (6.1 %) and p15 (1.8 %). All studied wells were however, contaminated in varying degree 

with the lagoon water. Wells within the QM aquifer display proportions of lagoon water between 3.4 

and 68.5 %. Proportions of lagoon water between 1.7 – 28.5 % and 1.5 – 49.4 % was estimated for 

the CTeast and CTwest aquifers, respectively. During the rainy season, only wells within the QM 

aquifer (p4: 1.9 %; p15: 0.1 %; p23: 0.2 %; p25: 0.5 %) were susceptible to seawater intrusion. 

However, all wells were contaminated with lagoon water except wells p4 and p25 (QM aquifer) that 

recorded no influence. Proportions of lagoon water were between zero and 39.1 % for the QM aquifer, 

6.4 and 35.3 % for the CTeast aquifer, and 8.6 and 18.6 % for the CTwest aquifer. For the Ébrié 

lagoon, during the dry season, the seawater component was between zero and 69.5 %, and freshwater 

component was between zero and 50.6 %. Those proportions change significantly during the rainy 

season with seawater proportions between zero and 25.5 %, and freshwater proportions between 31.9 

and 99.1 %. 



112 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re

 4
0

: 
S

p
a

ti
o

te
m

p
o

ra
l 

sh
if

ts
 i

n
 m

ea
n

 i
so

to
p

ic
 c

o
m

p
o

si
ti

o
n

 o
f 

co
a
st

a
l 

w
a
te

r
s.

 T
ex

t 
ri

n
 r

ed
 a

re
 d

ry
 s

ea
so

n
 v

a
lu

es
, 

w
h

il
e 

te
x
t 

in
 b

lu
e 

a
re

 w
et

 s
ea

so
n

 

v
a

lu
es

. 
 



113 

 
 

  

 

Figure 41: δ2H versus δ18O plot of coastal waters during the dry (top) and rainy (bottom) seasons, respectively. 
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Table XVI: Correlation matrix (Pearson) of selected solute concentrations in coastal inland waters for the dry 

(top) and rainy (bottom) seasons, respectively  

 

 

 

 

Table XVII: Factor loadings after Varimax rotation for the dry (left) and rainy (right) seasons, respectively 
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Figure 42: Ternary plot/mixing triangle of coastal water systems during the dry season (top) and rainy season 

(bottom). 
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For the Atlantic coastline, areas around Grand-Jack (S3) had the highest lagoon water component 

(11.8 %) during the dry season, while inshore areas along Abréby (S2) recorded the highest freshwater 

component (7.4 %) during this season. However, during the rainy season, freshwater inputs were 

relatively higher, up to 11.4 % in Gbamblé (S1). Lagoon water contributions to the inshore during 

this period range between 15.8 and 23.5 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 

 
 

CHAPTER 5: Biocenosis analyses  

5.1. Seasonal phytoplankton distribution patterns  

Sixty-seven species were identified and assigned to Bacillariophyceae (49 %), Cyanophyceae (21 %), 

Chlorophyceae (13 %), Euglenophyceae (10 %), Dinophyceae (4 %) and Chrysophyceae (3 %). Some 

species are presented in PLATES 1-3 (Photos 13 – 49). The microflora is dominated by freshwater 

algal species, in concert with the observations of Seu-Anoi et al. (2013). The degree of sensitivity of 

phytoplankton to changes in water quality was assessed by magnitude of growth response to seasonal 

variability in the Ébrié lagoon (Table XVIII). The estuarine/urbanized areas (station II) and peri-

urban areas (station III) of the Ébrié lagoon recorded the highest variation in terms of phytoplankton 

abundance (cells/mL). These areas are the most sensitive to seasonality. Along the inshore, a negative 

response was observed in S2 with respect to season. The highest variability was recorded in S3 (Table 

XIX). Although, diatoms were the most species rich class in the lagoon, Cyanobacteria were dominant 

with cell densities reaching peak values of 10.5*106 cells/mL in station IV of the lagoon during the 

rainy season (Figure 43). Station III however showed an exception to this trend during the dry season 

where Chlorophyceae were dominant. The chlorophyceae genus, Spondylosium sp. was the most 

abundant. The most dominant cyanobacteria genus in the lagoon is phormidium foveolarum Gomont. 

Other genera making substantive contributions (more than 1 %) to total phytoplankton biomass in the 

Ébrié lagoon were Cocconeis sp., Coscinodiscus sp., Entomoneis sp., Cyclotella meneghiniana 

(Kützing), Eunotia sp.,  Gyrosigma acuminatum (Kützing), Gyrosigma sp., Melosira sp., Nitzschia 

Oliffii (Cholnoky), Orthoseira sp., Surirella sp., Tryblionella victoriae (Grunow) (diatom), 

Chroococcus minutus (Kützing), Cylindrospermopsis sp., (cyanobacteria), Monoraphidium sp., 

Pediastrum sp., Scenedesmus quadricauda, (Chlorophyceae) Phacus sp., Trachelomonas sp., and 

Trachelomonas volvocina (Ehrenberg) (Euglenophyceae). On the adjacent inshore, mean 

phytoplankton cell densities (*106 cells/mL) increased from 1.1 during the dry season to 1.6 during 

the rainy season. During the dry season, cyanobacteria were preponderant, contributing more than 78 

% to total biomass. The dominant taxon was Odontella sp. However, cyanobacteria were 

conspicuously absent from the inshore during the rainy season, when almost pure stands of the diatom 

genus, Aphanocapsa Incerta dominates, constituting 70 % of total phytoplankton biomass. Other 

species with more than 1 % contribution to phytoplankton abundance were Amphora commutata 

Grunow, Coscinodiscus sp., Diploneis ovalis (Hilse) Cleve, Eunotia sp., Gyrosigma sp., Melosira sp., 

Nitzschia cf. Nana, Orthoseira sp., Pleurosigma sp., (diatoms), Goniochloris sp. (Chlorophyceae), 

Ceratium sp., Peridinium sp., (Dinophyceae), Phacus sp., Strombomonas sp., and Trachelomonas sp. 

(Euglenophyceae). 
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Phylum Bacillariophyceae (diatoms) 

Photo 13: Aulacoseira granulata (Ehrenberg) Simonsen. Photo 14: Capartogramma crucicula (Grunow ex Cleve). 

Photo 15: Coscinodiscus asteromphalus Ehrenberg. Photo 16: Coscinodiscus radiates Ehrenberg. Photo 17: 

Pleurosigma sp. Photo 18: Frustulia crassinerva (Brébisson) Lange-Bertalot & Krammer. Photo 19: Nitzschia sp. Photo 

20: Tryblionella levidensis, (W. Smith) Grunow. Photo 21: Nitzschia sp. Photo 22: Thalassiosira eccentric (Ehrenberg) 

Cleve. Photo 23: Diploneis Stroemii Hustedt, Photo 24: Cyclotella meneghiniana Kützing. Photo 25: Coscinodiscus 

gigas Ehrenberg. Photo 26: Triceratium alternans Bailey Photo 27: Odontella longicruris (Greville) Hoban. Photo 28: 

Diploneis Ovalis (Hilse) Cleve. Photo 29: Amphora commutata Grunow. Dark lines are 10 microns scale. 

 

 

Plate 1: Phytoplankton belonging to the phylum Bacillariophyta (diatoms) 
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Phylum Cyanophyta (Cyanobacteria) 

Photo 30: Aphanocapsa sp. Photo 31: Aphanocapsa incerta (Lemmermann) Cronberg & Komárek. Photo 32: 

Thorakochloris sp. Photo 33: Merismopedia glauca (Ehrenberg) Kützing. Photo 34: Plankthotrix sp. Photo 35: 

Phormidium foveolarum Gomont. Photo 36: Pseudanabaena catenata Lauterborn. Photo 37: Anabaena circinalis 

Rabenhorst ex Bornet & Flahault. 

 

 

Phylum Euglenophyta (Euglenoids) 

Photo 38: Strombomonas sp. Photo 39: Lepocinclis ovum (Ehrenberg) Lemmermann. Photo 40: Trachelomonas sp. 

Photo 41: Euglena sp.  

 

Plate 2: Phytoplankton belonging to the phyla Cyanophyta and Euglenophyta 
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Phylum Chlorophyta (Green Algae) 

Photo 42: Pediastrum tetras (Ehrenberg) Ralfs. Photo 43: Peridinium sp. Photo 44: Tetrastrum triangulare (Chodat) 

Komárek. Photo 45: Scenesdesmus quadricauda (Turpin) Brébisson. Photo 46: Tetraedron trigonum Naegeli) 

Hansgirg. Photo 47: Cosmarium sp. Photo 48a,b: Scenesdesmus sp. 

 

Phylum Chrysophyta (Golden Brown Algae) 

Photo 49: Dinobryon sociale Ehrenberg. 

 

Plate 3: Phytoplankton belonging to the phyla Chlorophyta and Chrysophyta 
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The filamentous cyanobacterium Phormidium foveolarum Gomont is the most dominant taxon in the 

Ébrié lagoon with a 75 % frequency of occurrence during the investigation period. It recorded a 

threshold cell count of 5.2*106 cells/mL in station IV during the rainy season. They were however 

conspicuously absent in areas of the lagoon with p-limiting factors of growth. This genus 

demonstrated high preference for phosphate-rich, warm, low turbid and oligohaline waters (Table 

XX). This partly explains its sub-dominant position in areas of the lagoon with high marine 

influences, where it was outcompeted by the eutraphenic, filamentous form Anabaena circinalis 

Rabenhorst. In highly turbid areas of the lagoon (western fringes) during the rainy season, 

Phormidium was also outcompeted by the genera Microcystis aeruginosa Kützing, Chrocooccus, 

Anabaenopsis, Aulacoseira granulata (Ehrenberg) and Pediastrum duplex (Meyen) with competitive 

advantages in the highly turbid waters. These genera need much turbulence to maintain their heavy 

cell forms in suspension (Moss, 2010). Physiological tolerances of Phormidium was however 

exceeded during the dry season in station III and during the rainy season in station I as phosphate 

becomes the limiting nutrient.  

5.1.1. Biotic indices 

Jaccard’s community index confirms the dissimilarity between clusters. Values were 0.25 (between 

clusters I and IIA), 0.33 (between clusters I and IIB) and 0.37 (between clusters IIA and IIB). Cluster 

IIA, with the highest CDI (63.42 %) is the least species diverse group. This is followed by cluster I 

(CDI: 49.83 %) and IIB (CDI: 42.31 %). The two most abundant species in each cluster are 

Phormidium foveolarum Gomont and Aulacoseira granulata (cluster I); Pseudoanabaena sp. and 

Phormidium foveolarum (cluster IIA) and Aphanocapsa incerta and Oscillatoria sp. (cluster IIB). 

Species diversity is generally low in these coastal areas with mean Shannon diversity values of 0.95, 

0.88 and 0.74 for clusters I, IIA and IIB respectively. These low values of Shannon diversity are 

indicative of environments under stress. Only taxa with more than 25 % indicator value (Table XXI) 

were retained as indicator species (Dufrêne & Legendre, 1997). The freshwater diatom, Eunotia sp. 

best represents cluster 1. Cluster IIA is best represented by the diatom genus associated with eutrophic 

conditions, Navicula sp., while cluster IIB is best represented by the green algae genus Scenesdesmus 

quadricauda (Turpin) Brébisson, which can stay buoyant because of its spines.  

5.1.2. SOM patterning of phytoplankton assemblages  

Self-organizing feature maps (SOM) results in two major clusters (I and II) at a high linkage distance 

of 1.0. Two sub-clusters, IIA and IIB were observed in cluster II at a linkage distance of 0.62 (Figure 

44) after applying hierarchical cluster. 
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Table XVIII: Spatiotemporal variations in phytoplankton cell abundance along the Ébrié lagoon 

 

Table XIX: Spatiotemporal variations in phytoplankton cell abundance along the Atlantic coastline. 

 

 

 

 

Figure 43: Seasonal composition shifts in phytoplankton as observed in the lagoon (top) and the Atlantic 

coastline (bottom). 
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Clusters were highly related to seasonality and salinity gradient (Figure 44). List of taxa as distributed 

by the SOM map in the different clusters are given in Table XXII. Cluster I (upper part of the map) 

grouped samples collected from the lagoon during the rainy season. Cluster IIA (lower right area) 

consists of a high percentage of samples from the central and western end of the lagoon during the 

dry period and samples from inshore waters during the rainy season. Cluster IIB (lower left area) 

pooled together samples from the eastern extremity of the lagoon and the Atlantic inshore (Figure 

44). Spatial heterogeneity was more pronounced during the dry season relative to the rainy season. 

Temporal patterns were also apparent in floristic composition (taxonomic diversity) within clusters. 

During the rainy season, 30 % of the coastal waters fell within the cluster I, while for clusters IIA and 

IIB was 30 % and 40 % respectively. Conversely, during the rainy season, the biogeographic areas of 

cluster I expanded (60 %) at the expense of clusters IIA (25 %) and IIB (15 %), respectively.  

5.1.3. Abiotic controls on phytoplankton distribution patterns  

SOM and multivariate analyses of phytoplankton species abundance projects the different sampling 

stations according to their common species (Figure 45). pH, dissolved oxygen, silicate and surface 

water temperature values were widely spread over the trained SOM map (Figure 45). This signifies 

that they have regular distributions and that their values did not differ much between clusters. For 

instance, temperature did not vary by more than 3 °C between clusters. On the other hand, phosphate, 

nitrate, turbidity, total dissolved solids, and slope values showed strong spatiotemporal patterns and 

were restricted to specific sites on the SOM map. Turbidity and nitrate are strongly and significantly 

associated with cluster I (upper parts of the map), inland areas of the Ébrié lagoon with high 

freshwater influx. These parameters have direct relation to precipitation and river discharges 

(Morlière, 1970). The inland areas are also characterized by low TDS, low phosphate, relatively 

lower pH, temperature and low altitudes (slope percent). These relatively low-lying areas are 

characterized by high freshwater and nutrient inputs. Phosphate and topographic high areas (slope %) 

are strongly and significantly associated with areas with high marine influence during the dry season 

(cluster IIA), whereas total dissolved solids is strongly associated with cluster IIB. Other correlations 

between measured environmental variables can be deduced from the SOM map. For instance, silicate 

and total dissolved solids with opposing distribution patterns imply negative correlation. Higher 

availability of nitrate and phosphate as observed in these environments causes phytoplankton to use 

more silicate (Wulff & Rahm, 1988). Temporal fluctuations in total dissolved solids and silica 

concentration are the main factors structuring phytoplankton dynamics in these coastal environments. 

Changing hydrologic regimes in turn influence phytoplankton dynamics. 
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Table XX: Correlation (Pearson, n) between abiotic environmental factors and the dominant genus, Phormidium 

foveolarum 

 

 

Table XXI: Key indicator species for the different bioclimate zones (clusters). 

  

 

Table XXII: List of taxa in order of decreasing abundance as distributed by SOM in each cluster 
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Figure 44: Clusters between virtual map units by hierarchical cluster analysis (A) and a SOM map (B) formed 

by 12 hexagons representing neurons. Shading intensity indicates the different clusters. The first 

letters of the names represents study sites: L; Ébrié lagoon and S; the inshore environment 

respectively, while suffixes –DS and –WS represents the dry and rainy seasons, respectively. 

 

 

Figure 45: Species abundance (A) and environmental factors (B). Each component plane is scaled independently 

over the SOM. Darker shades represents higher values and vice versa. (DO: dissolved oxygen, PO: 

phosphate, SiO: silicate, Temp: temperature and TDS: total dissolved solids). List of taxa and 

acronyms are shown in Table XXIII. 

A) B)

A)

B)
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Table XXIII: List of taxa and their acronyms  
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Algal floristic changes due to environmental fluctuations in this environment are well-documented 

(Morlière, 1970; Iltis, 1984; Seu-Anoi et al., 2013). The dominance of freshwater species in the 

lagoon has been linked to strong freshwater influence from its draining rivers (Baran, 2000; Seu-

Anoi et al., 2013). Tastet & Guiral (1994) estimated the annual freshwater input into the lagoon 

between 6 to 12*109 m3 with seawater input of 38*109 m3. Although, diatoms are the most species 

rich, Cyanobacteria are the most abundant in these coastal waters. They constitute up to 90 % of 

phytoplankton biomass in some areas especially during the rainy period. Their dominance is favoured 

by phytoplankton blooms (EEA et al., 2008), a phenomenon triggered by eutrophication. It should 

however be noted that the dominance of cyanobacteria once established is difficult to reverse 

(Ekholm, 2008). Low taxonomic diversity of phytoplankton in the study area is comparable to 

observations made along the nearby Lagos lagoon (Nkwoji et al., 2010). Conversely, phytoplankton 

abundance exceeds the bloom-forming thresholds of 20,000 cells/mL for recreational purposes 

(World Health Organization, 2003) in all sites. The dominance and proliferation of the 

dinoflagellate genus, Gymnodinium and bloom-forming cyanobacteria genera such as Phormidium, 

Anabaena, Microcystis, cylindrospermopsis and plankthotrix in some areas of this coast represent 

viable threats to the ecological status of these systems (EEA et al., 2008). Once established, their 

formation of bloom causes high turbidity, suppressing the growth of other phytoplankton species 

(Visser, 1990). Although, not established in this study, these potentially toxic genera have been 

implicated in fish kills events: Gymnodinium in Kuwait Bay, Arabian Sea (Heil et al., 2001); 

Anabaena circinalis in Barwon-Darling River in New South Wales, Australia (Bowling & Baker, 

1996); Phormidium in some lakes in New Zealand (Chorus & Bartram, 1999) and Microcystis 

aeruginosa, notorious for its production of hepatotoxin in Lake Erie in the United States of America 

(Brittain et al., 2000) and in Krüger national park, South Africa (Oberholster et al., 2009). However, 

they are not always toxic (Suthers & Rissik, 2009). Prosser et al. (2012) showed that fluctuations 

in environmental variables like pH could act as a stimulant to toxin-production in some potentially 

toxic species. A likely explanation for the dwindling edible aquatic resource in these coastal waters 

is the fact that the dominant filamentous forms of cyanobacteria are not the preferred diet for majority 

of higher order aquatic species (Chorus & Bartram, 1999). Decline in fish productivity in these 

coastal waters has also been attributed to coastal water degradation (Kouassi & Biney, 1999). 

Notwithstanding, there is also a strong argument for the key role played by over-fishing, imposed by 

growing population which cannot be underestimated. Therefore, fish catches should be expected to 

diminish with continued increase in fishing efforts (Laë, 1997).  
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CHAPTER 6: Socio-economic considerations  

The contribution of coastal aquatic resources to the enhancement of livelihood and poverty alleviation 

is great. They provide a range of supporting services referred to as ecosystem services (Millenium 

Ecosystem Assessment, 2005) that are highly beneficial to people, society and economy at large. 

These are services crucial in addressing objectives of food and water security (Russi et al., 2012). 

The Ébrié lagoon is a biodiversity reservoir and a rich source of ecosystem goods and services (Photo 

50). As a direct employer, the coastal environment is a source of livelihood to three to four thousand 

fishermen and about forty thousand others are employed in other fishing related activities such as 

boat making, net sales (Dufour et al., 1985). Other socio-economic activities include surf fishing, 

recreational activities, sand mining/dredging, motor boat transportation, and mollusc shell (Corbula 

trigona) picking. The lagoon is also a significant source of revenue as about US $4.36 million was 

generated from aquaculture on the lagoon in 2008 (Dufour et al., 1985). Fisheries production 

increased from 21 tonnes/year (1984) to 1,290 tonnes (2008). Electricity production from the water 

system totals 12 TWh per annum (Dufour et al., 1985). Shell fishing sell about 1,000 bags /week at 

500 Francs CFA (85 cents) per 25-kg bag. However, for these coastal ecosystems to continue the 

smooth delivery of these monetary and non-monetary services will depend on the ways humans relate 

with these systems today. Some human activities are detrimental to coastal system health such as 

commercial exploitation of aquatic mangrove plants and plastic recycling releasing tons of phosphate 

from detergents into these systems. 

6.1. Indigenous perception of climate change 

The highest numbers of respondents were from the 31 – 45 age (active groups) categories (Figure 

46). Majority of the respondents are traders, followed by farmers mainly involved in subsistence 

farming and fishermen (Figure 46). There is high awareness amongst riverine populace of the subject 

of climate change. Ninety percent of respondents opined that the climate is changing (Figure 47). 

Fifty-seven percent of them attest to precipitation deficit in the last years. This slightly more than half 

number might be because from the climate indices, the coastal area is only experiencing slight drought 

and recovery to normal precipitation amount is eminent. Another reason might be that mostly local 

farmers would feel the impact of precipitation amount. A relatively higher percentage of respondents 

(66 %) however, affirm to an increase in surface air temperature.  
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Photo 50: Some ecosystem goods and services delivered by the coastal water systems. 
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Figure 46: Age distribution (top) and main occupation (bottom) of the respondents. 
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6.2. Social vulnerability 

The vulnerability of the rural communities to coastal water degradation was assessed based on the 

availability and sources of alternative domestic water supply. Groundwater from domestic wells is 

the main domestic water source for rural communities (Figure 48). Alternative water sources for 

domestic purposes (Figure 49) include surface water systems (56 %), wells (41 %) and rainwater (3 

%). Adaptive capacity to coastal water resource degradation for these coastal rural populations is 

generally low. Recent national statistics confirms that 74 % of rural population lives below the 

poverty line of US $1 dollar per day (Recensement Général de la Population et de l'Habitat, 2014). 

Incapacitated by finances, these rural populations are unable to build modern water infrastructures or 

pay for high-tech water treatment services. In response to the question about water treatment methods 

employed before use, only 49 % of respondents admit to treating the water prior to use (Figure 50). 

Treatment methods include boiling (32 %), filtration (21 %), decantation (8 %) and chlorination (39 

%). The rest 51 % uses these water resources for drinking purposes without any prior treatment. This 

puts them at greater risk of contamination of water-borne diseases. Man-environment relationship is 

one of hostility in some of the communities. The environment and surface water systems acts as refuse 

dumping ground (Figure 51). Only a handful of the respondents use the public wastewater discharge 

systems. In addition, there still exist poor sanitation and sewage systems in most of these 

communities. Fifty-two percent of the respondents have access to modern toilet facilities. The 

remaining 48 % practise open defaecation. This practise increases the contributions of nitrates in the 

coastal water systems. In response to water quality/quantity problems in these rural communities, 

only 43 % opined that water quality/quantity is a problem. Out of these, 2 % believes that water 

quality problem is all year round. Fifty-two percent of respondents believe that water quality problems 

occur only at certain periods of the year, 29 % opined that it is mostly during the dry season, owing 

to water shortage, while 18 % believes it is mostly pronounced during the wet season. The most 

important water quality problem highlighted with high probablility of occurrence during the dry 

season is fish mortality/scarcity (Figure 52). The second most important problem is the proliferation 

of invasive weeds on the lagoon. These heavy floating mats obstruct waterways and render the lagoon 

non-navigable. An agriculture-related problem with high probability of occurrence during the rainy 

season is linked to erratic rainfall patterns with consequent delays/uncertainties in planting seasons. 

6.3. Resource value  

Rural population have adequate knowledge of the importance and ecological benefits of coastal water 

resorces.  



132 

 
 

 

 

Figure 47: Respondents perception of key climate parameters. 
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Figure 48: Main sources of domestic water supply. 

 

Figure 49: Existing alternative domestic water sources. 
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Figure 51: Ways of disposal of domestic wastewater 

 

Figure 52: Radar chart on the perception of locals on coastal water degradation and most likely period of 

occurrence.  
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There is high direct dependence on these coastal water resources for sustenance (Photo 51). Sixty-

three percent of the respondents demonstrate high willingness to make necessary sacrifices and 

contributions to participate in coastal ecosystem restoration (Figure 53). 

At an exchange rate of US $ 1 to 596.51 XOF FCFA, respondents are more than willing to pay 

between 1 XOF FCFA to whatever sum is required for the clean-up, restoration and conservation of 

coastal water resources should the need arise. Therefore, little coercion can help correct 

indiscriminate use of these natural resources in these riverine communities with high dependence on 

such resources. 

Conservation and sustainable management of resources is an uphill task, as coastal water resources 

are common pool resources (state property, la Loi N° 98-750 of 23 December 1998). For instance, in 

the rural communities of Anna (Bingerville), built from resources from fishing activities (as reported 

by local sources), the aftermath of indiscriminate resource use is transparently evident in its adjacent 

lagoon waters. Widespread impacts include bad odour, dark-coloured (murky) waters, proliferation 

of invasive aquatic weeds and severe decline in fish catches. These have hampered the smooth 

delivery of ecosystem goods and services from the lagoon. According to the environmental 

committee, local initiatives to constrain contamination of the lagoon waters and conserve aquatic 

resource have so far met with little success, as these efforts are uncoordinated with no influence over 

contamination flux from other riverine communities. A joint/collaborative effort from all stakeholders 

is therefore solicited for conservation goals to be achieved. 
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Photo 51: Fishing boats lined up in Eloka-To community (Bngerville, Côte d’Ivoire). 

 

 

 

Figure 53: Amounts respondents are willing to pay to safeguard coastal water resources. 
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CONCLUSION 
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Although, water is a key natural capital needed to sustain biodiversity and human well-being, aquatic 

ecosystems are constantly under stress from nature (climate) and human activities. These results 

demonstrate that spatiotemporal variations in coastal water quality along the east Ivorian coast results 

from an interplay between nature and humans.  

As an international trade route, the canal promotes socio-economic development in Abidjan. This 

demographic and economic development led to indiscriminate discharge of tons of untreated raw 

sewages from domestic, industrial, and commercial sources directly into the coastal waters. Another 

example been hydrocarbon leaks and contamination by ballast waters from incoming vessels to the 

Abidjan port. Deforestation (forests to other use) is also an offshoot of these socio-economic 

developmental activities. 

Land use patterns, vegetation types, and water availability have an intricate relationship. Over the 

past 25 years (between 1989/90 and 2014/15), only 18 % of the primary forest is intact along this 

eastern coast. The main drivers of change are urbanization and agricultural activities. Gross 

mismanagement of natural capitals (land, water etc.) in the pursuance of short-term gains inflicts 

long-term damages on the environment. To keep up pace with its growing population and concomitant 

increase in demand for food and shelter, fertile forestlands are converted to residential and agricultural 

uses. These changes in land use negatively influence soil water retention capacity, surface run-offs 

and microclimate. Furthermore, strong dependence on chemicals (herbicides and fertilizers) to 

compensate for degraded soils and short fallow period (3 years or less) have important consequences 

on coastal water systems. Agricultural discharges increase nutrient loads (eutrophication) of coastal 

waters. This in turn can cause degradation in water quality, elicit biodiversity loss and lead to 

deterioration of socio-economic conditions.  

Changing hydrometeorolgical regimes have direct influence on contaminat exports to coastal waters. 

These waters are highly prone to saltwater incursion during the dry season (January/February). The 

converse is true for the rainy season (September/October), when they are susceptible to land-based 

contamination from discharging rivers with relatively higher risk of degradation. Unabated, pollution 

poses a main threat to aquatic biodiversity. Urbanized/industrialized areas of the Ébrié lagoon 

recorded the highest spatiotemporal variations in phytoplankton biomass and were far less diverse. 

These areas are therefore vulnerability hotspots. Relatively stable phytoplankton communities were 

recorded at its eastern and western extremities with minimal human influences. Results from 

exploratory data analyses shows that turbidity and nitrate levels were the main abiotic factors 

controlling phytoplankton distribution in the uptidal regions of the lagoon, phosphate and turbidity 

exerts the most control in regions along the lagoon-sea continuum, during the dry season, while total 
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dissolved solids controls phytoplankton distribution along the Atlantic coast. These are climate-

sensitive parameters whose concentrations depends on prevailing hydroclimatic processes. These 

notwithstanding, other biotic factors that may influence phytoplankton distribution are their 

reproductive cycles, growth rates, and grazing relationships.  

Furthermore, proper management of water resources plays key indirect role in climate mitigation and 

adaptation. This stems from the fact that the aquatic environment is home to photosynthetic aquatic 

plants (microscopic and others such as mangroves) that are atmospheric oxygen replenishers with 

proven ability to store and sequester carbon. Therefore, promoting aquatic ecosystem resilience is 

critical to the continued delivery of these ecosystem goods and services. For instance, conservation 

of mangroves would serve dual purposes: a low-cost solution to mitigate climate change and an 

economically viable adaptation response strategy to climate change. Preliminary polls results show 

that the riverine communities have high awareness of the benefits derived from the mangrove 

ecosystems and show strong willingness to conserve them. Therefore, there is need to mainstream 

indigenous views and concerns into policymaking decisions geared towards conservation, for these 

efforts to be successful.  

In summary, anthropogenic activities as the main drivers of change (degradation) in these coastal 

waters. Nature’s contributions (from precipitation and catchment geology) are superimposed on 

existing non-climatic stressors. In the agricultural sector, for example, if the uncontrolled use of 

fertilizers to increase crop yields continue in ‘business as usual’ fashion, more likelihood of nutrient 

over-enrichment (eutrophication) should be expected from agricultural run-offs during the wet 

season.  

The feedbacks recorded from the east Ivorian coastal water systems during both studied seasons give 

a glimpse of these systems’ responses to futuristic climate change. This is because successive seasonal 

changes, aggregate to climate change. The main limitation, however, of this work is the short 

investigation timeframe (one-year). Improved and long-term monitoring of this environment is highly 

recommended in order to establish observed trends, as some observations might be singular 

occurrence, resulting for example from temporal accidental discharges. 

Recommended community adaptive response strategies  

It is imperative for rural communities to move from a predict-and-control paradigm to one of building 

resilience (Connor, 2005). The provision and sustainable use of good quality water will satisfy 

domestic needs, maintain good health status of ecological systems, serve to conserve biological 

diversity and boost economic growth. Inadequate access to clean water is an important measure of 
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poverty (Carter & Bevan, 2008), and a latent cause of biodiversity erosion (World Water 

Assessment Programme, 2009). Poverty is more than lack of income; it is multifaceted and often 

associated with lack of clean water, substandard living conditions, and environmental degradation 

(Malik, 1998). Access to water is not just a fundamental human right; it is an intrinsically important 

indicator of human progress (United Nations Development Programme, 2006). It gives substance 

to other human rights and serves as a springboard for the attainment of wider sustainable development 

goals. Sustainable Development Goals (SDGs) provides a platform for the improvement of water 

supplies, which if implemented will help reduce poverty and combat biodiversity erosion. Proper 

water resources management is precursory to sustainable development. Pollution into these coastal 

waters must be controlled so as not to outstrip their natural biological self-cleansing capacity. 

Presently, there exist no insurance(s) for ecological systems/natural capital against natural and/or 

anthropic disturbances. This coupled with the fact that a system’s return to pristine conditions is not 

always guaranteed after the excedance of its tolerance limits provides reasons enough to avert at all 

cause a repetition of the tragedy of the commons (Hardin, 1968). One way to correct human-

environment hostility and instill behavioural change is through sensititization campaigns. Awareness 

should be raised as to the symbiotic benefits that can be harnessed by both parties if man treats the 

environment with less aggression. Environmental education should be incorporated into school 

curriculum. This would help to galvanize riverine rural communities on the need to protect coastal 

resources. Furthermore, existing community-based strategies on the use and management of 

biological resources should be encouraged and promoted. Vernacular laws are already in operation 

in some riverine communities. For example, in Abréby, the sustainable management of fish stocks in 

the coastal lake Lason is tied to the taboo that once commercialized, fish stocks will disappear. In the 

community of Toukouzou Hozalem, fishing activities are regulated, strictly prohibited on days of 

religious worship/festivals. In another riverine community of Eloka-To, sustainable management of 

the mangrove forest is that timber logging are reserved soley for middle-aged men (age 35 and above). 

They are assigned concessions within mangrove forests and charged with the task of sustainable 

logging.  

Another means to curb coastal water degradation that necessitates government actions is the provision 

of basic amenities inclusive of adequate sanitation facilities for these rural communities. The high 

bacterial loads on the lagoon and the micobially unsafe waters of shallow domestic wells attest to 

prevalent poor hygiene and sanitation habits. One way to stop the indiscriminate discharge of 

industrial effluents into the coastal waters is by levying of Pigouvian taxes. This makes it cheaper for 

the polluter(s) to treat pollutants rather than discharge them untreated into the environment (Hardin, 
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1968). Another adaptation strategy would be to encourage livelihood diversification. This will 

eventually discourage complete direct dependence on natural resources.  

Conclusively, nature’s most efficient solution to coastal water degradation is through the 

rehabilitation of degraded mangroves and conservation of existing mangrove forest. Mangroves 

support both mitigation and adaptation strategies to climate change. As already mentioned in the text, 

they are renowned for their ability to attenuate coastal waves (coastal protection), stabilize coastlines, 

act as natural water filters, provide habitat for aquatic stocks and sequester carbon. Their conservation 

will in the long-term conserve biodiversity conservation and enhance the resilience of riverine 

communities. Ultimately, man is invited to work with nature in a harmonious and considerate manner 

to strengthen natural defences and ensure their mutual survival by so doing. 
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Appendix I: Scatterplots of different ions versus chloride concentration for the dry (top) 

and rainy seasons (bottom), respectively.  
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Appendix II: Social survey questionnaires 

 

ENQUÊTE SOCIALE 
 

Catégorie d’âge : ….15 - 30           31 – 45           46 – 60           > 60 

Sexe :     Masculin            Féminin 

Profession :   Etudiant            Commerçant          Paysan            Pêcheur             Autres 

Nombre des membres du ménage (ou nombre d’habitants de la maison) :   2 - 4           5 – 7            >8 

A/ 

Avez-vous remarqué des changements dans la quantité de pluies (précipitations) et des températures au cours 

de ces dernières années ?  Oui              Non   

Si Oui, laquelle ?   Moins de pluie            plus de pluie 

Avez-vous remarqué des changements de températures au cours ces dernières années ? 

Si oui, lesquelles ? Plus en plus chaud            plus en plus frais           

B/ 

Quelle est la principale source d'eau potable de votre ménage ?  Alimentation en eau de la ville          puits 

privé             eau de surface (rivière / lagune / source) 

Avez-vous d'autres sources d'eau pour d'autres usages domestiques ? Oui            Non    

Si oui, lesquels________________________ 

Si la source d'eau est l’eau de puits ou les eaux de surface : 

Combien de temps vous mettez pour aller cherche de l’eau à la source ? 

 Sur place               15 -30 minutes                      30 - 45 minutes                 > 45 minutes 

Quelle est la quantité d’eau qui vous pouvez puisez a ce temps ? _________________ 

Avez-vous traité ces eaux d’une quelconque manière avant de la boire ?  Oui               Non 

Si oui, comment ? ________________________ 

Pensez-vous que la qualité de l'eau et sa quantité sont un problème dans cette région ?  Oui           Non 

Si oui, est-ce un problème durant toute l'année ou seulement à certaine période de l’année ? 

Toute l’année           Saison sèche            saison des pluies         
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Quel genre de problème de 

qualité/ quantité d’eau ? Toute l'année Saison sèche Saison des pluies Commentaires 

La mort/manqué de 

poisson et crabes 

        

Trop de bateaux         

Natation         

Pas d'eau pour les usages 

domestiques 

        

Odeur de l’eau         

Mauvaises herbes en les 

eaux surface 

        

Culture/ production 

agricole 

        

 

Parmi les problèmes évoqués, lequel est le plus important ? _____________________________________ 

 

C/ 

Comment vous débarrassez-vous des eaux usées ? Système de traitement des eaux usées de la ville 

directement à l'eau de surface            dans l’environnement 

Quel type de toilette utilisez-vous ?  Moderne               traditionnel              

D/ 

Les plantes aquatiques/végétation riveraine sont-elles utiles pour vous ? Oui              Non 

Si oui, de quelle maniéré _____________________________________ quelle sont les parties plus 

importantes ?   _________________________ 

Si non, pensez-vous qu'elles devraient être toutes coupées ? Oui             Non 

E/ Chaque solution a un coût  

Accepteriez-vous de payer (monétaire) ou faire des sacrifices (arrêter la pêche pour une période de temps, ne 

pas couper les arbres, arrêter les feux de brousse, l'utilisation contrôlée des engrais) pour résoudre ces 

problèmes de qualité/quantité de l'eau et environnement dans votre région ?  Oui            Non 

Pensez-vous que ces sacrifices sont nécessaires ?  Oui             Non 

Combien êtes-vous prêt à payer mensuellement (FCFA) pour résoudre les problèmes ? _______________ ou  

préfériez-vous plutôt recevoir de l'argent du gouvernement ? Oui          Non 

Si oui, combien êtes-vous prêt à recevoir mensuellement (FCFA) du gouvernement ? __________________ 
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Appendix III: Mineralogical composition of outcrops corrected for Cook indices (Cook et 

al., 1975). 
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96

4

G16

Quartz Goethite

79

7

14

G18

Quartz Kaolinite/Chlorite Goethite

70

11

19

G19

Quartz Kaolinite/Chlorite Goethite

91

6

3

G20

Quartz Goethite Kaolinite/Chlorite

90

3
7
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Quartz Kaolinite/Chlorite Goethite

100

G10

Quartz

94

5
1

G9

Quartz K-Feldspar Plagioclase
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Appendix IV: Résumé de Thèse 

L'eau est l'une des ressources fondamentales de la vie offerte naturellement à l'humanité par 

les systèmes écologiques. Une eau de bonne qualité n'est pas importante seulement qu'en tant que 

source d'eau pour les usages domestiques, mais elle l’est aussi pour le fonctionnement adéquat, la 

conservation de la biodiversité. Elle est un facteur clé du développement économique (World Water 

Assessment Programme, 2009). L'accès insuffisant à l'eau potable pour les usages ménagers est une 

mesure importante de la pauvreté (Carter & Bevan, 2008) qui est la cause majeure de l'érosion de la 

biodiversité (World Water Assessment Programme, 2009). 

 Comme souligné par le Rapport sur le Développement Humain (PNUD, 2006), l’accès à l'eau 

n'est pas seulement un droit fondamental de l'homme, il constitue un indicateur intrinsèque essentiel 

du progrès humain. Il constitue un pilier aux autres droits de l'homme et sert de tremplin pour la 

réalisation de plus grands objectifs de développement durable. Il est évident que le développement 

futur du continent Africain dépend fortement de l'accès à l’eau (Desanker & Magadza, 2001). 

En Côte d’Ivoire, 40 % de la population attirés par l’eau, habite la très dynamique zone côtière 

qui couvre 1% de la surface nationale (322.463 km2). Ce qui exerce une énorme pression sur les 

ressources côtières d’eau, une situation qui pourra être aggravée par les changements climatiques. Le 

Groupe d’experts Intergouvernemental sur l’Évolution du Climat (GIEC) prédit des impacts 

drastiques sur les systèmes hydrauliques qui se manifesteront sous forme d’inondation, de sécheresse 

ou d’intrusion de la mer selon des situations géographiques. Dans les côtes ivoiriennes, l’asséchement 

des puits et la diminution de la quantité des pluies et des flux des cours d’eau sont des signes évidents 

des effets du climat sur la disponibilité en eau. Ceci fait du suivi et de la conservation des ressources 

en eau une priorité dans cette région. Cependant, les décisions d’aménagement ne seront efficaces 

qu’avec une connaissance parfaite de l’état actuel des ressources en eau et des effets saisonniers sur 

leur disponibilité. 

Cette étude examine la géomorphologie et les impacts de la saisonnalité sur les ressources en 

eau dans une bande de 15 km du littoral oriental de la Côte d’Ivoire en utilisant la télédétection/les 

techniques de SIG, la géologie, la géochimie, la microbiologie et la sociologie. Des échantillons d’eau 

de pluie (n= 30), d’eau souterraine (puits et forages, n= 81) et d’eau de surface (lagune Ebrié et littoral 

Atlantique, n= 69) ont été prélevés en saison sèche (Janvier/Février) et hivernale 

(Septembre/Octobre) de l’année 2014 pour des analyses géochimique (ions majeur – Na+, Ca2+, K+, 

Mg2+, Cl-, HCO3
-, SO4

2-, NO3
-), isotopique (oxygéne-18 et deutérium) et biologique (Phytoplancton 

et coliformes fécaux).  
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Du point de vue géomorphologique, la pente de la zone d’étude se situe approximativement entre 

zéro (0) et 70 degrés vers la mer. Les unités d’occupation du sol sont les terres agricoles (50%), les 

plans d’eau (32%), les établissements humains (13%) et les forêts (5%). De 1989/90 à 2014/15, c’est-

à-dire en 25 ans seulement, l’urbanisation a déjà dévasté 31,83% de forêts et 37,42% de terres 

agricoles.  

Sur le plan hydrologique, l’auteur signale que les indices standardisés de précipitation et 

d’évapotranspiration (ISPE), déterminés sur la base des données météorologiques multi-décennales 

(1971-2014), ont révélé qu’au cours des années 1987, 1998/99 et 2013/14 la sécheresse est restée 

modérée. Du point de vue hydrogéologique, les milieux aquifères, composés en grande partie de silice 

(98%), favorisent une acidification accrue des eaux souterraines (pH de 3,9 à 7,4) en rapport avec 

d’intense capacité de dissolution de la silice. Dans cette région, les changements de régimes 

hydrologiques exercent une forte influence sur la chimie des eaux côtières et le transport des 

contaminants. En outre, les résultats géochimiques et isotopiques stables (oxygéne-18 et deutérium) 

révèlent que, dans cette région, l’influence marine est dominante pendant la saison sèche alors que 

les processus continentaux (fluviaux et pluviométriques) dominent pendant la saison des pluies. Dans 

le diagramme de Piper, la majorité des échantillons d’eau souterraine (87 % et 80 % respectivement 

pour la saison sèche et hivernale) appartient au faciès chloruré sodique (Na-Cl) en rapport avec la 

présence d’intrusion d’eaux salines dans les eaux douces. Les concentrations maximales en chlorure 

dans les eaux souterraines sont de 1088 mgL-1 et de 785,2 mgL-1 respectivement pendant la saison 

des pluies et la saison sèche. Quant aux nitrates, leurs teneurs varient entre 0,3 - 139,5 mgL-1 et 0 – 

165,9 mgL-1 dans les eaux souterraines ; et entre 0,01 – 3,6 et 0,01 – 332,3 mgL-1, dans les eaux de 

surface, respectivement pendant les saisons sèche et pluvieuse. Ainsi, les saisons peuvent avoir des 

impacts disproportionnés sur ces ressources côtières d’eau. Cette étude indique que pour ces eaux 

côtières, la dégradation est plus accentuée durant l’hivernale. En concluant, les activités anthropiques 

sont à la base du changement dans cet environnement. La contribution naturelle est infime. 

Concernant la microbiologie, la distribution du phytoplancton est fonction du flux saisonnier 

des nutriments dans les eaux de surface du littoral. La biomasse maximale de phytoplancton était de 

11,3.106 et de 15,4.106 cellules mL-1, respectivement pour la saison sèche et la saison des pluies avec 

une croissance floristique variant entre 16,4 et 80,8 %. Les variations temporelles, les plus élevées en 

biomasse, ont été relevées dans les alentours de la lagune Ebrié soumise à une forte influence marine. 

Les diatomées étaient le taxon dominant, alors que les cyanobactéries étaient les plus abondantes. La 

diversité relativement faible du phytoplancton (indice de Shannon inférieur à 1) et la dominance 

mono-spécifique localisée sont des signes de perturbations des conditions aquatiques. Les résultats 
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de l’analyse des données exploratoires confirment que le silicate et la salinité sont les facteurs 

environnementaux majeurs influençant les modèles de distribution du phytoplancton. L’afflux de ces 

éléments dans les eaux côtières est contrôlé de façon saisonnière. Lorsque les processus marins 

dominent pendant la période d'étiage, la salinité augmente avec une décroissance concomitante de 

l’abondance de phytoplancton, tandis que pendant la période de crue, où les cours continentaux 

dominent, il y a un fort afflux de silicate dû aux intempéries dans les eaux côtières avec pour corolaire, 

l’augmentation de l’abondance de phytoplancton. Certaines localités ne respectent cependant pas 

cette tendance. Par exemple, les zones de la station I (est) de la lagune, excessivement riches en 

éléments nutritifs recueillis à partir de ruissellements provenant des activités agricoles durant la saison 

de crue, ont enregistré soit une stagnation ou une régression drastique de l’abondance de 

phytoplancton.  

Enfin, s’agissant des enquêtes sociologiques avec les communautés riveraines, les populations 

de cette zone ne pourront rien faire d’autre que de subir les effets de la dégradation des eaux sur cette 

partie du littoral ivoirien. Car, ces eaux constituent la source principale d’approvisionnement en eau 

potable des ménages (pour 53 %) et une source secondaire pour 97 % de la population. En plus, 

environ 30 % de la population dépendent directement de ces ressources en eau du littoral pour leur 

subsistance.  

Cette étude a cependant relevé que les solutions naturelles les plus efficaces pour conserver et 

promouvoir la biodiversité dans ces environnements côtiers est la forêt de mangrove. Elle est 

reconnue pour sa capacité à atténuer les vagues côtières, à agir comme des filtres à eau naturelles, à 

procurer un habitat pour les espèces aquatiques et à séquestrer le carbone. Les racines de mangrove 

contenant en moyenne 46 % de carbone sont capables de fixer annuellement jusqu'à 176 Mg C ha-1. 

Par conséquent, leur conservation assurera la préservation de la biodiversité et représente une 

importante stratégie pour l'atténuation et l'adaptation. Enfin, l'homme est invité à œuvrer de façon 

harmonieuse et réfléchie avec la nature en vue de renforcer les protections naturelles et assurer ainsi 

leur survie mutuelle. 

En somme, les données recueillies sur les eaux côtières pendant les différentes saisons donnent 

une idée de la réaction de ces systèmes aux changements climatiques futurs. Cela est dû au fait que 

les changements successifs de saison induisent les changements climatiques. Cependant la principale 

limite est que ces résultats sont basés sur des recherches conduites sur une seule année. Perfectionné 

un suivi environnemental à long terme et des efforts d'échantillonnage plus représentatifs sont 

recommandés en vue d’établir des évolutions observées et de confirmer des tendances générales. 
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Based on the results, different manuscripts are under/have been prepared. These are: 

Osemwegie, I. Niamien-Ebrottie, J., Kone, J.F., Biemi, J. and Reichert, B., 2016. 

Characterization of Phytoplankton Assemblages in a Tropical Coastal 

Environment using Kohonen Self-Organizing Map. African Journal of Ecology. 

Version of record online: 30 Dec. 2016. http://dx.doi.org/10111/aje.12379. 

Osemwegie, I., N’da H.D., Stumpp, C., Reichert, B. and Biemi, J., 2016. Mangrove Forest 

Characterization in southeast Côte d'Ivoire. Open Journal of Ecology, 6, 138-

150. 

Multiproxy Assessment of Water Flow Pathways in Coastal Water Systems, SE Côte d'Ivoire (under 

review). 

Other manuscripts are still been conceptualized.  
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