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2Centre de Recherches Océanologiques (CRO), Abidjan, Côte d'Ivoire, 3National Council for Scientific
Research, National Center for Marine Sciences, Batroun, Lebanon, 4GEOMAR Helmholtz Centre for
Ocean Research Kiel, Kiel, Germany, 5LASMES, UFR SSMT, Université Félix Houphouët-Boigny,
Abidjan, Côte d'Ivoire
We carried out measurements of the CO2 system parameters to evaluate the

impact of carbonate and nutrients’ chemistry on phytoplankton populations in

the Gulf of Guinea (GoG). The seasonal variations of the CO2 system parameters

(fCO2, DIC, pH and TA) along with nitrates and phosphates were quantified

weekly at surface (between 0 and 5 m depth) (5.57°N - 4.57°W) in the GoG from

May to December 2020. Seawater pH varied widely during the study period,

ranging between 8.10-8.35 pH units; DIC and TA varied between 1810 and 2094

mmol kg-1, and between 2051 and 2216 mmol-1 respectively. DIC peaks coincided

with the high upwelling period (August and September). For phytoplankton, a

total of 60 species were found belonging to four taxonomic phyla:

Bacillariophyta, Dinophyta, Chlorophyta and Dictyochophyta. The highest

number of phytoplanktonic species were recorded for Bacillariophyta phylum

with 36 species (60%). The phylum Dinophyta comprised 22 taxa (36%) and

Chlorophyta and Dictyochophyta recorded only one species (2%). The highest

specific diversities were observed in August and September with 29 and 26 taxa

respectively and the lowest was found in October-November (5 taxa) and

December (one taxa). Bacillariophyta and Dinophyta appeared throughout the

entire study period. The only species for Chlorophyta phylum appeared in June

and July and the Dictyochophyta’s one in May, July and August. In general, the

physical (SST, SSS) and chemical (TA, DIC, pH) parameters influenced less than

50% of the phytoplankton population in the coastal area of the GoG. Our study

shows that Bacillariophyta population grows up when the physicochemical

parameters’ variability increase.
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1 Introduction

The ocean absorbs approximately 25% of the global CO2

emissions with an uptake of ~ 2.9 ± 0.4 GtC yr−1 during the

decade 2012–2021 (Friedlingstein et al., 2022).This ocean carbon

sink slows down the rate of global warming caused by human

activities, but reduces ocean pH and the carbonate ions’

concentration in a phenomenon known as ocean acidification

(OA) (Doney et al., 2009). The global mean pH trend follows

thus the rate of increase in surface ocean carbon dioxide fugacity

(fCO2) (1.75 ± 0.4 matm yr-1). This latter is almost the same as the

increase of atmospheric CO2 rate of 1.5 matm yr-1 (Takahashi et al.,

2009). The net effect of the increased atmospheric CO2

concentration in the seawater is the increase in the concentration

of H+ or the decrease of pH (Gattuso and Hansson, 2011; Santana-

Casiano and González-Dávila, 2011; Doney et al., 2020).

In coastal areas, the carbon cycle and marine ecosystems are

influenced by terrestrial inputs, such as river outflow and upwelling

dynamics. Therefore, it is essential to understand and monitor

changes in coastal zones where marine ecosystems are witnessing

multiple pressures related to direct anthropogenic activities, as well

as climate change consequences such as warming and acidification

among others (Abboud-Abi Saab and Hassoun, 2017; Cramer et al.,

2020). For example, in Western Africa, the domestic, industrial and

agricultural activities were identified as the main driving forces of

water pollution (Scheren et al., 2004). Households produce 90% of

solid waste, and industry is responsible for substantial amounts of

hazardous waste. The prevalence of either nonexistent or

insufficient wastewater treatment infrastructures exacerbates this

issue (Scheren et al., 2002). Such deficiencies culminate in

eutrophication and a reduction in oxygen levels, thereby

instigating a surge in chlorophyll concentrations. These

concentrations are observed to be thrice as high as those recorded

in rural settings, leading to a doubling in chlorophyll production

(Binet et al., 1995).

The Gulf of Guinea (GoG) is considered as one of the World’s

most productive marine economic zones with fishery resources, oil

and gas reserves, and precious minerals (Amuwo, 2013; Francis

Abiodun and Mohammed Yakubu Dahiru, 2020). It is also a

significant global reservoir of marine biological diversity (Jones,

1994; Ukwe et al., 2003; Francis Abiodun and Mohammed Yakubu

Dahiru, 2020). It is estimated that the region is home to over 300

species of finfish, 17 species of cephalopods, 25 species of

crustaceans, and 3 species of turtles (Belhabib et al., 2016). These

resources are exploited by both artisanal and industrial fishing

fleets, of which the latter is made up of both local and foreign vessels

(Perry and Sumaila, 2007; Belhabib et al., 2016; Okafor-Yarwood,

2019), reflecting the economic importance of the GoG to 472

million people of coastal communities living in its vicinity

(Francis Abiodun and Mohammed Yakubu Dahiru, 2020).

To constrain fCO2 variability in the GoG, many cruises have

been conducted such as FOCAL cruises from 1982 to 1984, Cither 1

cruise in 1993 and EGEE cruises from 2005 to 2007 (Andrié et al.,

1986; OUDOT et al., 1995; Koffi et al., 2010). The station PIRATA

in the Eastern tropical Atlantic at 6°S, 10°W which comes under the

influence of the equatorial upwelling (Lefèvre, 2009), was associated
Frontiers in Marine Science 02
with the upwelling of CO2-rich waters from June to September. A

fCO2 peak of ~440 μatm was observed in September and remained

stable until December, before dropping to a minima of ~360 μatm

in May (Parard et al., 2010). The PIRATA buoy observations clearly

showed this seasonality but also provided the interannual variability

in in-situ fCO2. Further north at 2°N, 10°W, Koffi et al. (2010)

suggested that this region followed a similar seasonal cycle as the

station at 6°S, 10°W but that pCO2 is ~30 μatm lower (Koffi et al.,

2016). Despite these observations in the GoG, there is still a need to

acquire accurate temporal changes that would permit to draw solid

conclusions related to the long-term trends of the carbonate system

parameters in this economically important area. Consequently, it is

crucial to study the carbonate system and its potential relationship

with marine organisms in the GoG to advance our understanding of

the role and response of biological communities to changes in the

carbonate chemistry and the effect of this latter on

marine resources.

In this study, our primary focus is on marine phytoplankton,

recognizing their critical role in the marine ecosystem, particularly

on the carbonate system. The structure and composition of marine

phytoplankton depend on each species’ presence and relative

abundance, which can vary temporally due to differences in the

relative rates of increase and decrease of each population

(Shayestehfar et al., 2010; Dutkiewicz et al., 2020; Henson et al.,

2021; Naselli-Flores and Padisák, 2023). Understanding the spatial

and temporal variability in phytoplankton community structure is

essential for assessing their ecological significance and their impact

on the broader marine food web. Due to the ecological importance

of phytoplankton populations in the marine environment, and

given the harmful nature of certain species, several studies have

been carried out to investigate these organisms and understand how

their growth is influenced by their respective environment (Glibert

et al., 2014; Edworthy et al., 2022; Dahunsi et al., 2023). Some

studies, using model simulations, have predicted the increase of

harmful algal blooms (HABs) in response to global warming

(Glibert et al., 2014; Moore et al., 2015). Despite the increasing

research focusing on OA and its impacts on marine organisms,

there is still a lack of local data for several oceanic regions, and this

gap is particularly apparent in coastal environments (Tilbrook et al.,

2019), such as in the GoG. Along the Côte d’Ivoire coast, only a few

relatively old studies tackled phytoplankton populations and their

relationship with environmental factors (Dandonneau, 1971,

Dandonneau, 1972, Dandonneau, 1973; Sevrin-Reyssac, 1993).

Many of the recent investigations devoted to phytoplankton were

carried out using in-situ or satellite data for a specific season and

area (Hardman-Mountford and McGlade, 2002; Djagoua et al.,

2011; Djakouré et al., 2014). Also, the variability of chlorophyll-a

concentration and its relation to physical oceanographic variables

have been studied (Nubi et al., 2014, Nubi et al., 2016; Nieto and

Mélin, 2017). In general, these studies investigated the impact of the

equatorial undercurrent on the distribution of nutrients,

chlorophyll-a and the fertility process. However, none of these

studies dealt with ocean acidification impact on the coastal

biological processes in the GoG. This underscores the pressing

need for a comprehensive study that concurrently examines

carbonate and nutrients’ chemistry alongside phytoplankton
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populations in this underexplored region. Our work aims to address

this gap by providing an updated assessment of phytoplankton

populations in Côte d’Ivoire’s marine waters. Specifically, we focus

on elucidating their structure and their intricate relationship with

the carbonate system, contributing to a deeper understanding of the

GoG’s vital marine ecosystem.
2 Materials and methods

2.1 The study area and its hydrography

Carbonate system parameters have been measured in the

Eastern coastal part of the Atlantic Ocean, in the GoG, offshore

Côte d’Ivoire at the site of Jacqueville (5.19°N, 4.45°W) (Figure 1)

for more than one year (from end of November 2018 to the

beginning of 2020 with a break between April 2019 to April

2020). The following carbonate system parameters were studied:

total dissolved inorganic carbon (DIC), total alkalinity (TA) and

pH. Jacqueville is located at around 50 km far from the capital,

Abidjan (5.19°N; 4°W). This town is less polluted than Abidjan, a

city with a big harbor and many industrial companies. 60 samples

were collected from the sea surface of the study area for DIC and TA

analyses. In addition, pH was derived using in-situ Sea Surface

Salinity (SSS), Sea Surface Temperature (SST) combined with TA

and DIC data at 25°C (pHT25) in the total scale with the “CO2SYS”

program configured for Excel by Pierrot et al. (2006).

The principal current in the study area is the Guinea Current

(GC). The GC might be the main driver of the coastal upwelling

(Verstraete, 1992). Thus in model simulations, it has been suggested

that both minor and major coastal upwelling processes are strongly

related to the GC detachment and non-linear dynamics (Djakouré

et al., 2017a). Flowing Eastward all the year with surface current

speeds about 50 cm s-1 and a thickness of 30 to 40 m deep, the GC is

located in the Northern GoG (Longhurst and Gallardo, 1966;

Ingham, 1970; Djakouré et al., 2017b). The GC is flowing along
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the western African coast between 28° and 58°N (approximately

200 km in width). Indeed, there was a rare documentation relating

physical features of the GoG with the carbonate system and HABs

dynamics. Nevertheless, some studies (Nubi et al., 2014, Nubi et al.,

2016) have been conducted along the Eastern equatorial Atlantic

showing the impact of equatorial upwelling on the biological

productivity. Few high surface fluorescence values are measured

near the equator at 10°W, in upwelled waters. The highest value

(0.87 mg L−1) is observed in June 2005 at 1°N, 10°W. Averaging all

the surface fluorescence data of the six cruises gives a value of 0.12 ±

0.15 mg L− 1 with a mean maximum value of 0.21 ± 0.22 mg L−1

observed in June 2005 and a minimum of 0.05 ± 0.04 mg L−1

observed in November 2006 when the upwelling disappeared (Koffi

et al., 2010). There was an Eastward weakening of the equatorial

undercurrent (EUC) from 10°W until its complete disappearance at

6°E. The highest concentration of nitrates ~0.37 mmol.kg-1 (< 1

mmol.kg-1) recorded at the surface at 10°W was attributed to the

shoaling pycnocline observed at this region (Nubi et al., 2019).

Thus, nutrients were mostly consumed at the depth of the

subsurface chlorophyll maximum and very low surface values

were measured (Koffi et al., 2010; Nubi et al., 2019). Moreover,

westward advection from the nutrient-rich African coast is

responsible for equatorial enrichment in the GoG (Nubi et al.,

2016). It is demonstrated that nutrients’ influx to the upper layer

occurred more strongly at 10°W along the equator and increased

the consumption of nutrients by phytoplankton (Nubi et al., 2016).
2.2 Sampling and analysis

2.2.1 Physical and chemical parameters
Sampling of physico-chemical parameters were conducted

during two separate periods. From 2018-10-23 to 2019-04-25 and

from 2020-05-01 to 2020-12-01, surface seawater (between 0 and

5 m depth) were sampled once per week for analyzing TA and DIC.

The instruments used did not allow to sample layers beyond this
FIGURE 1

Schematic distribution of the horizontal circulation: the Guinea Current (blue); the South Equatorial Current (black) and the Benguela Current (black).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1286338
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Koffi et al. 10.3389/fmars.2024.1286338
depth. Samples were bottled in 500 mL high-density polyethylene

(HDPE) flasks with screw caps, poisoned with a saturated HgCl2
solution, and analyzed potentiometrically. All TA and DIC

measurements were performed simultaneously using a

potentiometric acid titration in a closed cell following the DOE

Handbook of CO2 Analysis Methods (DOE, 1994). The principles

and procedures of these measurements, as well as a complete

description of the system used to carry out the analyses are

detailed in Hassoun et al. (2015); Hassoun et al. (2019). The TA

and DIC concentrations were averaged from the replicates (two

measurements per bottle). The precision of measurements was

determined to be ± 3.5 mmol kg−1 for both TA and DIC, by

titrating 85 seawater samples, with temperature and salinity,

collected from an open-sea station, 5 km offshore the National

Center for Marine Sciences-Batroun, Lebanon to monitor the

reproducibility of the system. The accuracy of the measurements

was determined to be ± 2.5 mmol kg−1 for TA and ± 3 mmol kg−1 for

DIC based on a total of 30 Certified Reference Material bottles

(CRM, batches 158, A.G. Dickson, Scripps Institution of

Oceanography, La Jolla, CA, USA).

Direct potentiometric measurements of seawater pH (total

scale) have been conducted in-situ using a multiparameter sensor

‘‘AquaRead 5000-P’ (along with temperature and salinity) for all the

samples after calibration with Tris buffer standards (pH =4, 7 and

10). The pH measurements range from 0 to 14 and the sensor

accuracy is of 0.1 pH unit. Also, fCO2 and pH were calculated using

the CO2SYS software (Pierrot et al., 2006)

In addition, ancillary parameters such as nutrients were

measured at ‘‘Centre de Recherches Océanologiques (CRO)’’,

Abidjan, Côte d’Ivoire as follow:

2.2.1.1 Nitrates analysis

To 10 mL aliquots of sample, a quantity of 0.5 mL of sodium

azide solution (NaN3) and 0.2 mL of acetic acid (CH3COOH) was

added. The whole mixture was homogenized and after 5 min, it was

evaporated to dryness in a water bath. Afterwards, 1 mL of sodium

salycilate solution (C7H5NaO3) was added and the whole was

homogenized, and then evaporated again to dryness. After

cooling, 1 mL of sulfuric acid (H2SO4) was added to recover the

sample residue. Then, 15 mL of water and 10 mL of the alkali

solution were added for the development of the yellow coloration

after 10 minutes of waiting. The absorbance was read with a

molecular absorption spectrometer (Rodier et al., 2009) and the

wavelength was 543 nm.

2.2.1.2 Phosphates analysis

A quantity of 100 mL of water sample was introduced into a test

tube, containing 10 mL of a reagent mixture (100 mL of ammonium

molybdate [(NH4)2MoO4], 250 mL of sulfuric acid 2.5 mol L-1

[H2SO4], 100 mL ascorbic acid [(C6H8O6], and 50 mL potassium

antimony oxytartrate [K2Sb2(C8H4O12), 3H2O]. The resulting

solution was immediately homogenized. After homogenization,

the solution was kept for 5 min. A blue coloration was obtained

according to the quantity of phosphate ions contained in the
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solution. The absorbance was then measured in a 10 cm cell at a

wavelength of 885 nm, using distilled water as a reference.

The nutrients (nitrates and phosphates) were measured by a

molecular absorption spectrometer, according to the methods

described by Association Française de NORmalisation (AFNOR;

NF EN 26777). The concentrations of nutrients are expressed in

μmol L-1.

2.2.2 Phytoplankton sampling and identification
Phytoplankton sampling was performed using a 20-μm mesh

size net, also between 0 and 5 m depth, from May to December

2020 . In th is s tudy , we were ab le to ident i fy only

microphytoplankton populations while nano- and pico-

phytoplankton were difficult to identify due to the available mesh

size. Samples were fixed in formalin solution (5% final

concentration). Afterwards, phytoplankton taxa were examined in

the laboratory using a standard optic microscope (Olympus)

equipped with a digital camera. The observations were made

using the 40X magnification. The quantitative estimation of the

phytoplankton species was performed by counting with an inverted

Diavert microscope, using the Utermöhl method (Uthermöhl,

1958). We used 10 mL and 25 mL chambers in which

sedimentation times reached 10 and 18 hours respectively. For

these samples, 30 and 40 fields were counted, and the total number

exceeded 400 units. Dilutions (1/2) were made for samples where a

high concentration of cells was observed in sedimentation

chambers. The counts of unicellular, colonial, or filamentous

algae are expressed as Cells L-1. Specimen identification was based

on cellular morphology and undertaken to species level, using the

species’ identification detailed in the literature (Theriot et al., 1992;

Hargraves, 1998; Da Graça Sophia et al., 2005; Komoé, 2010; Omura

et al., 2012; Konan, 2014). Percentages of occurrence were also

calculated and three categories of species were defined according to

the classification of Kruk et al. (2002).

2.2.3 Satellite data and statistical analysis
In an attempt to bridge the gap in our in-situ SST data for the

computation of fCO2 during the study period, we conducted a

comparative analysis of in-situ SSTs and satellite data (Reynolds

et al., 2007) between November 2018 and December 2021. To

facilitate data interpretation, we incorporated smoothed curves in

plots displaying the in-situ data for both SSS and SST.

We employ data derived from the Soil Moisture and Ocean

Salinity (SMOS) satellite mission (Boutin et al., 2018, Boutin et al.,

2022) and compare it with in-situ SSS data. The SMOS satellite data

offer a spatial resolution of approximately 25 km.

We used cross correlation and PCA. Indeed, PCA focuses on

finding linear combinations that account for the most variance in

one data set. To do all the statistical analysis, we used Python

software (version 3.11) and its libraries for statistics.

Multiple linear regressions are also used to evaluate the impacts

of the physical and chemical parameters on the density of

phytoplankton (DY) in the coastal ocean, particularly in the GoG.

The equation resulting from this relationship is described as follow:
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DY  =  C +  m1SSS  +  m2SST +  m3pH  +  m4TA  +  m5DIC 

+  m6PO
3−
4 +  m7NO3

− (1)

where mi represents the sensitivity of the phytoplankton to each

parameter in the equation and C the potential nonlinear effects of

these parameters.
3 Results and discussion

3.1 Physical features

Measured SSS and SST ranged from 30 to 37.07, and from 21.9°C

to 30.8°C respectively. The average observed SSS and SST were 33.20

± 1.49 and 27.63 ± 2.53°C, respectively. These hydrological

parameters (SSS and SST) exhibited contrasting variations

(Figure 2). The lowest SSTs were typically observed from July to

September, coinciding with the upwelling period. In contrast, the

lowest SSSs were recorded from October to January, following the

conclusion of the upwelling season. Notably, there was a remarkable

time lag between the increase in SST and the decrease in SSS, and vice

versa. This temporal relationship in the GoG is influenced by various

factors, including river discharges, vertical mixing, and vertical salinity

advection, all of which contribute to the seasonal variations in SSS.

Precipitation patterns play a pivotal role in shaping the seasonal cycle

of SSS, with variations linked closely to the seasonal precipitation cycle

(Dessier and Donguy, 1994; Foltz and McPhaden, 2008; Da-Allada

et al., 2013, Da-Allada et al., 2017). The variability in SSS is primarily

attributed to precipitation patterns and zonal advection. This pattern

of variability was consistently observed during EGEE cruises in the
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GoG (Koffi et al., 2010) and in marginal seas, such as the

Mediterranean Sea (Marcellin Yao et al., 2016).
3.2 Total alkalinity and dissolved inorganic
carbon distributions

3.2.1 Features of TA and DIC
TA concentrations ranged from 2047 to 2336 mmol kg−1, while

DIC oscillated from 1810 and 2139 mmol kg−1. The high DIC

concentration was found in February and August, while the lowest

TA concentration was observed in October at the end of the upwelling.

These high DIC was observed during minor upwelling (February) and

major upwelling periods (August). During EGEE cruises in the

Eastern tropical Atlantic, the averaged TA and DIC were 2282±26

mmol kg−1 and 1967±48 mmol kg−1 respectively (Koffi et al., 2010). In

the Western tropical Atlantic close to the Amazon River, the averaged

TA and DIC were 2280±138 mmol kg−1 and 1938±138 mmol kg−1

respectively (Bonou et al., 2016). In comparison of observed TA and

DIC in the Eastern and Western tropical Atlantic, our measured TA

and DIC were in the same range of values.

On average, the distribution of TA andDIC showed high seasonal

variability (Figure 3). From January to December, TA and DIC had

the same pattern with the highest concentrations in February and the

lowest in November. Although the trend of TA changed slightly, it

decreased until November and then increased in December. Low TA

concentration was due to dilution (Koffi et al., 2010), while the abrupt

increase of DIC was the result of the upwelling process from July to

the end of September (Lefèvre et al., 2008).

During the EGEE cruise (2005-2007), Koffi et al. (2010)

determined an empirical relationship between TA and SSS with
FIGURE 2

Mean monthly distribution of SSS (red) and SST (blue) from January 2019 to December 2020 in the GoG. Standard deviations are indicated in bars (±s).
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190 collected samples. This relationship serves as a valuable

correlation for estimating TA when only SSS data is available,

making it particularly useful in situations where carbonate system

measurements are lacking. However, when this correlation was

applied to our coastal TA dataset, it yielded a relatively high Root

Mean Square Error (RMSE) of 102 mmol kg−1, showing clear

discrepancy between measured and calculated total alkalinity.

Consequently, it is evident that while this relationship is suitable

for open ocean conditions, it may not be applicable in coastal regions

where the normalized TA (NTA= TA * SSSref/SSS with SSSref=35)

does not remain constant (Millero et al., 1998).

In the context of this study, an examination of coastal data

revealed a linear correlation between TA and SSS with an r2 value of

0.24 (p=0.0004). This signifies that only 24% of the variation in TA

can be attributed significantly to changes in SSS. While a discernible

TA-SSS relationship is evident during this period, it is important to

note that the correlation is relatively weak. Conversely, the

variability in SSS is primarily influenced by precipitations,

terrestrial and river inputs, as illustrated by the seasonal

fluctuations in TA and DIC (Figure 3), in comparison to the

distribution of SSS (and SST) (Figure 2). Furthermore, the

correlations (r2) observed between SSS (ranging from 0.42) and

TA, as well as DIC (ranging from 0.10), along with SSS (0.74) and

SST (0.55) throughout the year, were not statistically

significant (Figure 4).

This analysis suggests that only a quarter of the variation in TA

can be attributed to changes in SSS. The weak correlation indicates

that factors (not well captured in our study period) other than SSS

significantly influence TA.
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3.2.2 Comparison of in-situ and derived
parameters from satellite

Notably, we observed that prior to and following the gap period

(from July 2019 to May 2020), the satellite SST data and observed

SSTs exhibited a harmonious relationship (Figure 5). In fact, when

we compared the satellite SSTs corresponding to the same dates as

our in-situ SST data, we obtained a RMSE of 1.04°C, indicating

minimal disparity and confirming similar SST trends. However, it is

important to acknowledge that while the computed SSTs generally

aligned, they also exhibited smoothed variations, leading to

discernible differences during the same timeframe.

The lowest observed SST was recorded at 22°C at the onset of

July 2020, which can likely be attributed to coastal upwelling.

Following this minimum value, SSTs gradually increased,

surpassing 24°C. Satellite SSTs, on the other hand, ranged from

25°C to 29°C, while in-situ SSTs fluctuated between 22°C (in

September 2020) and 34°C (in December 2019). Notably, the

signature of upwelling became evident in August 2019 and 2020

in the Reynolds SST data, showcasing low values that closely

coincided with our in-situ measurements (Figure 5). It is worth

mentioning that both in-situ SSTs and observed SSS were collected

on a weekly basis.

A contrast is observed between the observed SSS values

(depicted in red) and those derived from the satellite dataset

(Figure 6). The in-situ SSS values exhibited pronounced

variability and weaker values compared to their satellite

counterparts. The lowest in-situ SSS measurements were recorded

in November 2019 and December 2020 (~30). Conversely, the

satellite-derived SSS values (illustrated in blue) appeared
B

A

FIGURE 3

Mean monthly distribution of TA (A) and DIC (B) from January 2019 to December 2020 in the GoG. Standard deviation is indicated in bars (±s).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1286338
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Koffi et al. 10.3389/fmars.2024.1286338
FIGURE 5

Comparison of in-situ SSTs (red dots) and SSTs Reynolds (blue dots) and smoothed SSTs (solid line in red) from November 2018 to December 2020.
B

C D

A

FIGURE 4

Relationship between TA vs SSS (A), TA vs SST (B); DIC vs SSS (C) DIC vs SST (D) from November 2018 to December 2020 in the GoG. The fit is
indicated by a solid line.
Frontiers in Marine Science frontiersin.org07

https://doi.org/10.3389/fmars.2024.1286338
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Koffi et al. 10.3389/fmars.2024.1286338
smoother and generally higher than the observed SSS values,

especially from 2020 to 2021. SMOS salinity data ranged

consistently between 34 and 35 and exhibited relative stability.

Although the observed salinity distribution appeared somewhat

scattered, ranging from 30 to 37, the RMSE calculated akin to SST

(for the same dates) yielded a modest difference of 1.8, indicating

acceptable agreement. However, it is important to note that the

satellite data failed to capture the high SSS variability observed

during the two study periods. For instance, substantial in-situ SSS

variability persisted until June 2019, primarily attributed to

horizontal advection and coastal upwelling events off the coast of

Côte d’Ivoire (Nyadjro et al., 2022). A similar pattern was evident in

the pH measurements, particularly towards the end of December

2018 and through June 2019 (Figure 7). In contrast, pH

measurements remained relatively stable throughout 2020, with

values predominantly around 8.3.

This assessment points to the importance of considering both

satellite and in-situ data for a comprehensive understanding of SST

variations, especially in the context of coastal upwelling events

which have a significant impact on local marine ecosystems. As

demonstrated earlier, the data gap during both years of this study
Frontiers in Marine Science 08
could not be effectively reconstructed due to the absence of robust

relationships between carbonate system parameters and

hydrological variables. This underscores the significance of

sustained monitoring efforts to comprehensively capture the

spatio-temporal variability of these parameters and discern

potential long-term trends in the GoG.
3.3 Surface nutrient measurements

The period from the end of 2018 to April 2019 exhibited the

highest recorded concentrations of nitrates and orthophosphates

(Figure 8). Notably, nitrate levels peaked at 120 mmol L-1 in

December 2018, while orthophosphate concentrations exceeded 25

mmol L-1 during the same month. These high nutrient concentrations

strongly suggest that our study site may be classified as a eutrophic

coastal area due to the substantial nutrient values observed during

this period. During the subsequent period, spanning from April 2020

to December 2020, nitrate concentrations remained relatively high,

ranging between 38 and 110 mmol L-1. In contrast, orthophosphate

concentrations were exceptionally low, nearly approaching zero. The
FIGURE 6

Comparison of in-situ SSS (red), SSS SMOS (blue) and smoothed SSS (solid line in red) from November 2018 to December 2020.
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surges in nutrient concentrations during this period are likely

attributed to domestic discharges in the vicinity (Abboud-Abi Saab

and Hassoun, 2017).

Comparing our in-situ nutrient measurements with both

climatological data and data from Subramaniam et al. (2013)

reveals striking disparities (Table 1). Particularly, our observed

nitrate and orthophosphate levels are considerably higher. In

contrast, both climatological and Subramaniam et al. (2013) data
Frontiers in Marine Science 09
consistently indicate lower nutrient concentrations, typically below

1 mmol L-1. This divergence can be primarily attributed to the

proximity of our study site to the coastline. In the surface waters of

the upwelling region of the Eastern equatorial Atlantic, we observed

orthophosphate rates averaging two to eight times higher and

nitrate concentrations substantially elevated compared to

measurements typically obtained farther away from coastal areas

(Subramaniam et al., 2013).
B

A

FIGURE 8

Weekly variability of nutrients (A) NO3
-; (B) PO4

3- obtained from sampling in coastal ocean area from November 2018 to December 2020.
FIGURE 7

Weekly variability of measured pH from sampling in coastal ocean area from November 2018 to December 2020.
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3.4 Phytoplankton dynamics

A total of 60 phytoplankton species were found belonging to

four taxonomic phyla: Bacillariophyta, Dinophyta, Chlorophyta

and Dictyochophyta (Figure 9). High number of species were

recorded for Bacillariophyta phylum with 36 species (60%). The

phylum Dinophyta comprised 22 taxa (36%), including species that

might cause harmful algal blooms (HABs) such as Dinophysis

acuminata, Dinophysis caudata, Dinophysis rotundata and

Pyrodinium bahamense. Only one species was recorded for each

of the phylum Chlorophyta and Dictyochophyta (2%). The most

commonly encountered taxa were Coscinodiscus sp. (present in 26

out of 32 samples), Thalassionema frauenfeldianum (25 out of 32)

and Ceratium furca (28 out of 32). The genus with the high number

of species is Ceratium with 7 taxa.

The highest specific diversities were observed in August and

September with 29 and 26 taxa respectively and the lowest was

found in October-November (5 taxa) and December (one taxa).

Bacillariophyta and Dinophyta appeared throughout the study
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period. The only species for Chlorophyta (Pediastrum duplex)

phylum appeared in June and July and the Dictyochophyta’s one

(Dictyocha fibula) in May, July and August.

The occurrence calculations showed 9 constantly present taxa, 7

for Bacillariophyta (Coscinodiscus asteromphalus 65.62%,

Coscinodiscus sp. 81.25%, Bel lerochea malleus 62.5%,

Actynoptichus adriaticus 50%, Coelosphaerium dubium 59.37%;

Thalassionema frauenfeldianum 78.12%; Odontella mobiliensis

59.37%), and 2 for Dinophyta (Ceratium furca 87.5%; Dinophysis

caudata 53.12%). In addition, 15 taxa are accessory with nine taxa

for Bacillariophyta and 6 for Dinophyta, while 36 taxa are

accidental, 20 for Bacillariophyta, 14 for Dinophyta and 1 for

Chlorophyta and Dictyochophyta each.

The results show that the structure (composition of

phytoplankton) and dynamic (temporal variat ion of

phytoplankton densities) of the phytoplankton population in

Ivorian coastal waters is characterized by a predominance of

Bacillariophyta, followed by Dinophyta. Generally, these two

groups of algae were found in coastal marine waters, as already

demonstrated in previous works conducted in Nigeria (Adekunle

et al., 2010) and Senegal (Abdou Salam et al., 2020). The

predominance of Bacillariophyta could be explained by their

adaptation to marine turbulence. Indeed, they have specialized

structures that allow them to colonize environments efficiently

and quickly (Hoagland et al., 1986). As for the Dinophyta, they

proliferate more in high salinity environments. The Dinophyta

unlike the Bacillariophyta, are more oceanic than coastal. A very

low representation of microalgae belonging to the Chlorophyta

group may be associated with their ecological need because the only

one species of this group is a freshwater species, reflecting low

salinity condition (Sun et al., 2023). One species of group

Dictyochophyta and the species of Chlorophyta were the first
FIGURE 9

Monthly density of different phytoplankton groups (Cell L-1) from April 2020 to December 2020.
TABLE 1 Mean Sea Surface nitrates and orthophosphates from March to
June in the GoG, Eastern of the Equatorial Atlantic.

Parameters
(mmol L-1)

Gulf of Guinea
(Subramaniam
et al., 2013)

Climatology
WOA18*
(Garcia

et al., 2019)

This
study

Nitrate 0.09 ± 0.01 0.27 ± 0.19 58.73
± 18

Orthophosphate 0.21 ± 0.01 0.06 ± 0.05 0.48
± 0.21
*World Ocean Atlas 18 (Garcia et al., 2019)
Mean ± 1 standard error of parameters is presented.
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species encountered in Ivorian oceanic waters. In an old study

(Sevrin-Reyssac, 1993), these two groups were absent, but

Cyanobacteria was found amongst other groups. The specific

diversity of phytoplankton showed seasonal variation, and the

occurrence calculations identified several consistently present

taxa. The predominance of Bacillariophyta could be attributed to

their adaptation to marine turbulence (Carstensen et al., 2015; Sun

et al., 2022). In contrast, Dinophyta proliferate more in higher

salinity environments and are more oceanic than coastal. This

indicates the significant role of environmental conditions, such as

salinity and turbulence, in shaping phytoplankton community

structure in coastal waters and the importance of doing a long-

term monitoring to better evaluate the role of biogeochemical

parameters in this coastal phytoplanktonic community. In

addition, low values of orthophosphates were observed during

sampling period. These values could be due to rapid assimilation

by bacteria and phytoplankton. It is the most important form of

mineral phosphorus, the only soluble one to be directly used by

aquatic organisms (Van den Broeck and Moutin, 2002).
3.5 Impact of physico-chemical parameters
on the increase of
phytoplankton populations

In order to better understand the relationships between the

carbonate system parameters, the hydrological parameters and the

phytoplankton, principal components analysis (PCA) was

implemented. The measured carbonate system parameters (TA,
Frontiers in Marine Science 11
DIC) have weak correlations with nutrients and phytoplankton

compared to SSS (Figure 10). This indicates that while the carbonate

system is an integral part of the marine environment, its direct

influence on phytoplankton populations in the GoG might be less

pronounced than initially thought. This finding suggests that

hydrographic factors such as SSS might have a more significant

role in shaping phytoplankton dynamics than the carbonate system

in the GoG. This insight can lead to a re-evaluation of the

traditional understanding of the carbonate system’s role in

phytoplankton dynamics in coastal areas. Changes in DIC and

TA were also significant, mainly in biogeochemical areas influenced

by continental freshwater inflow or upwelling. Liutti et al. (2021)

showed that upwelling can play an unpredictable role in CO2

dynamics due to the transport of nutrient-rich water and DIC

near the surface.

Further, our results are in harmony with the findings of a recent

study conducted in the Cabo Frio upwelling area of the Brazilian

coastal region (Silva et al., 2023). This latter study highlighted that

physical variables like temperature and salinity were more

determinant in the dynamics of the carbonate system ’s

parameters than biological processes such as respiration and

photosynthesis. This parallels our findings in the GoG, where SSS

appears to exert a more substantial influence than the carbonate

system on phytoplankton populations. This congruence suggests

the necessity for broader research perspectives that encompass

physical and climatic influences when assessing the impact of the

carbonate system on marine biota, particularly in coastal

ecosystems. Besides, we acknowledge here the limitations of PCA

in capturing complex ecological relationships, as it might not fully
FIGURE 10

Correlation circle of the principal components analysis (PCA) of hydrological parameters, carbonate system parameters and nutrients data.
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capture nonlinear interactions between the various environmental

variables assessed in our study. Also, PCA reduces dimensionality

based on variance, which does not always equate to ecological

significance (Liu et al., 2018). That being said, the PCA analysis

conducted in this study might help future studies to build on our

findings. For instance, more targeted studies should be

implemented to assess the role of specific variables (like SSS or

nutrients) on phytoplankton ecology, or the use of more advanced

multivariate techniques, in addition to a longer dataset, to further

explore the complex interactions in the marine environment.

Moreover, DIC concentrations were calculated using the

empirical relationships “DIC-SSS-SST” from Koffi et al. (2010)

and “DIC-SSS-SST-YEAR” from Lefèvre et al. (2021). The

obtained RMSE was 161 mmol kg−1 and 138 mmol kg−1

respectively, applying the previously mentioned equations

respectively. The resulted RMSE values are considered very high

compared to those found in the original studies, using their own

data (~15 mmol kg−1). Further, RMSE (DIC-SSS-SST-YEAR)

calculated from this study’s data was 59 mmol kg−1, also

considered very high. Consequently, it is clear that the classic

empirical relationships could not reproduce the concentrations of

DIC in coastal areas, as it does not reflect the entire coastal ocean

dynamics that impact DIC spatio-temporal variability as presented

by Vance et al. (2022).

To highlight how phytoplankton population could be

influenced by both biogeochemical and physical parameters

variability, a statistical relationship was established between

phytoplankton and nutrients, carbonate system and physical

variables. For instance, some studies (Voituriez and Herbland,

1984; Herbland and Le Loeuff, 1993) have established statistical

relationship between NO3 and SST in the coastal area of the GoG. In

our case, we used multiple linear regressions. This relationship

couples 3 types of variables (biological, physical and

biogeochemical). The calculated pH is included in this equation

because it is less scattered. This equation ignores wind speed,

vertical and horizontal turbulence of the seawater, the sunshine

rate and others meteorological conditions. It represents a useful

first-order estimate of seasonal variability in phytoplankton

population growth over the studied period. All calculated

coefficient values of this Equation 1 are given in Table 2.
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As presented in Table 2, r2 ranges between 0.158 (~15.8%) and

0.435 (~43.5%), reflecting weak correlations for all groups of

phytoplankton mentioned. Generally, the physico-chemical

parameters studied here influence less than 50% the

phytoplankton population growth in this coastal area.

Bacillariophyta is the phylum the most impacted positively by the

assessed physico-chemical parameters (r2 = 43.5%) and it is

significantly correlated with these parameters (Table 2). This

phytoplankton group seems well adapted to ocean acidification

conditions while Chlorophyta, Dinophyta and Dictyochophyta are

poorly adapted to changes in physical and chemical conditions in

the coastal ocean. Indeed, the Chlorophyta are primarily living in

freshwater and only about 10% of this algae are marine, whereas

90% are freshwater species (Smith, 1955). In the marine

environment, the green algae in the warmer tropical waters tend

to be similar everywhere in the world. This is not true for

Chlorophyta in the colder marine waters (Lee, 2008). In our

samples, Pediastrum duplex was the only species that was found

belonging to Chlorophyta group. This species lives in freshwater

environments, so this can explain its poor adaptation. The warmer

waters near the Equator, like in the GoG, act as a geographical

barrier for the evolution of new species and genera (Lee, 2008).

Concerning Dinophyta (r2 = 17.8%) and Dictyochophyta

(r2 = 15.8%), the correlations were weak and not significant. It

seems that physical, biogeochemical and carbonate system variables

did not influence these species along the coast. It may be pointed

out that the samples were taken in the shallow coastal area and not

from deep waters where these species better proliferate under high

salinity conditions. Thus, the environmental conditions in the

coastal waters were unfavorable to allow high occurrence of these

species. These observations were in accordance with the study of

Zendong et al. (2016) in the Nigerian coastal waters, close to

Côte d’Ivoire.

Several studies (Donahue et al., 2019; Seifert et al., 2020, Seifert

et al., 2023) presented that phytoplankton community composition

can be significantly affected by changes in environmental conditions.

Looking at the Equation 1 when the coefficient of the explanatory is

negative (Table 2), the evolution of the parameter of this coefficient is

opposite to the phytoplankton density, i.e., when the observed

parameter increases, the phytoplankton growth drops and vice-
TABLE 2 Multiple regression coefficients applied to the explanatory variables.

Phytoplankton Correlation coefficients and degree
of freedom

Coefficients of the explanatory variables of the constant C

r2 F df C m1 m2 m3 m4 m5 m6 m7

Bacillariophyta 0.435 2.418
(0.05)

7 2.1E+9 -7.6E+6
(0.165)

-8.3E+6
(0.045)

-2.1E+8
(0.266)

5.6E+5
(0.195)

-6.1E5
(0.173)

1.4E7
(0.123)

2.5E5
(0.036)

Chlorophyta 0.233 0.954
(0.49)

7 -1.6E+7 4.2E+4
(0.265)

3.5E+4
(0.214)

1.9E+6
(0.159)

-4590.9
(0.125)

4479.4
(0.148)

8E+4
(0.201)

596.6
(0.453)

Dinophyta 0.178 0.681
(0.68)

7 -5.5E+7 5.0E+5
(0.763)

-2.1E+5
(0.865)

7.2E+6
(0.902)

-2.1E+4
(0.871)

1.8E4
(0.893)

-2.7E+6
(0.333)

1.1E+4
(0.750)

Dictyochophyta 0.158 0.588
(0.76)

7 -2.4E+6 8442.2
(0.167)

6817.1
(0.136)

2.6E+5
(0.225)

-623.6
(0.195)

657.3
(0.188)

-5353.7
(0.594)

11.7
(0.930)
fronti
r2 correlation coefficients; F the Fisher coefficient; n the observation number (n= 30) and df the number of degrees of freedom (df =7), in brackets P values, bold significant P values.
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versa. The coefficients of explanatory for SST (m2 = -8.3 106) and NO3

(m7 = 2.5 105) were significant because their p-values were less than

0.05. This means that Bacillariophyta increases concomitantly with

NO3 when SST decreases. During upwelling periods, SST drops to less

than 24°C. The negative coefficient of explanatory indicates that SST

well impacts Bacillariophyta life conditions, as they are generally

considered to be better adapted to lower temperatures than other

algae (Zhang et al., 2018). In contrast, the negative coefficient of

explanatory showed also that the ocean warming could significantly

reduce species richness. This results is in agreement with the ones of

Tatters et al. (2013) who noted that acidification and temperature had

both individual and interactive impacts on community structure, but

temperature has more influence.

Furthermore, TA and DIC had litt le influence on

phytoplankton (see Table 2). These parameters are included in

the SST and SSS variability as shown by the PCA analysis and in

various works (Koffi et al., 2010). Whereas pH (m3 = -2.1 108) had a

negative and non-significant effect on diatom in the coastal waters

of the GoG, according to the Equation 1. However, Doney et al.

(2009) noted that if ocean acidification is expected to exacerbate,

pH will decrease and only Bacillariophyta could witness a

population growth. Moreover, the potential presence of siliceous

or chitinous spines as well as the wide variety of 3D shapes of the

frustule would be the result of a process aimed in particular at

reducing predation pressures. This physical protection could allow

the maintenance and development of these micro-algae, hence their

massive presence in aquatic environments (Bussard, 2015). The

other phytoplankton populations are suggested to decrease as they

present positive coefficient of explanatory (see Table 2). Dutkiewicz

et al. (2015) also anticipated primary productivity to decrease in the

tropics and mid-latitudes due to intensifying nutrients’ limitation,

possibly amplified by exacerbated acidification. They suggested that

longer timescales of competition and transport-mediated

adjustments are essential for predicting changes to phytoplankton

community structure.

Here, the positive coefficient of explanatory of NO3 indicates a

similar evolution with Bacillariophyta. It means that Bacillariophyta

can store nitrates for respiration in the absence of light because their

populations migrate deep into sediments where they are exposed to

dark and anoxic conditions for 75% of the day (Merz et al., 2021).

So, they can accumulate nitrates intracellularly for surviving in the

dark ocean (Kamp et al., 2011) and utilize it for nitrogen

assimilation, dissipation of excess photosynthetic energy, and

Dissimilatory Nitrate Reduction to Ammonium (Stief et al.,

2022). Ecologically, Bacillariophyta are also known to modulate

the biogeochemical cycling of nutrients such as carbon, nitrogen,

and silica in the ocean (Litchman et al., 2009).

While our initial findings present intriguing insights, there is a

clear necessity for refinement. Specifically, the phytoplankton

community comprises a diverse assemblage of species spanning

various sizes. Our current methodology, particularly the mesh size

employed, results in an insufficient representation of picoplankton

and nanoplankton. This oversight potentially renders the

interpretation of our results as somewhat incomplete, given the

competitive dynamics between these organisms for both macro-

and micro-nutrients.
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4 Conclusions

In our study, we conducted a comprehensive exploration of the

CO2 system parameters to shed light on potential ocean acidification

signs within the Gulf of Guinea—an often-overlooked region in the

Atlantic Ocean. Our primary objective was to unravel potential

linkages between physical factors, carbonate system variables, and

the intricate marine ecosystem, with a specific emphasis on the

phytoplankton community. Complementary seawater parameters,

including salinity, temperature, nitrates, and reactive phosphorus,

also demonstrated significant variability. Notably, we observed

distinct episodes of upwelling, primarily manifesting from early

June to early October.

However, the most intriguing revelation from our study was the

relatively subdued influence of physicochemical parameters on the

phytoplankton population in the coastal expanse of the Gulf of Guinea.

Our findings suggest that these parameters collectively accounted for

less than 50% of the observed variability. Remarkably, Bacillariophyta, a

prominent phytoplankton group, exhibited a notable positive response

to the fluctuations in these physicochemical variables.

While our study provides an invaluable foundational

understanding of the Gulf of Guinea’s carbonate system, it is

essential to acknowledge the temporal and spatial limitations

inherent in our research. To embark on a more in-depth

exploration of the ramifications of ocean acidification on marine

organisms, including phytoplankton and zooplankton, we advocate

for the establishment of an expansive observational network. This

network should encompass strategic measurement sites along the

Ivorian coast, stretching from the Eastern to Western regions. By

doing so, we can unravel the intricacies of biogeochemical spatio-

temporal dynamics within this vital coastal area and pave the way

for a more comprehensive comprehension of its ecological

complexities. In addition, using adequate instruments will allow

us to improve data collection in the Gulf of Guinea.
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