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Abstract

The carbonate system variability and acidification process remain little under-
stood in the coastal ocean of Cameroon. The aim of this study was to assess
the variability of the carbonate system in a portion of the southern coast of
Cameroon, and the influence of local seawater physicochemical and biological
properties on keys parameters of this system. The study was carried out at
three fixed sampling stations (Bp, Kb, and Eb), from September 2021 to Au-
gust 2022 involving all the seasons encountered in the study area. The car-
bonate system was determined from Total alkalinity (TA), pH, temperature
and salinity, using the CO,SYS_xls program. In addition, nutrients (nitrate,
nitrite, phosphate and nitrogen ammonia) and chlorophyll-a data were col-
lected simultaneously at each station. The results showed a high variability of
the carbonate system parameters on both temporal and spatial scale. TA and
bicarbonate ions (HCO; ) were significantly different between the large rainy
season (LRS) and small rainy season (SRS), while CO, and CO, partial pres-
sure (pCO, ) were significantly different between Kb and Eb sampling stations
(p-value < 0.05). The critical thresholds for ocean acidification (OA) seems to
not been reached in the southern coastal ocean of Cameroon, given the means
values of pH (8.14 *+ 0.17), aragonite (3.31 £ 1.3 Q) and calcite (5.3 £ 2.05 Q)
saturation states obtained. Salinity appears as the main driver of the variability
of TA in the study area, while, nitrogen ammonia and the dissolved carbon
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dioxide from the degradation of organic matter, respiration and atmospheric
absorption, appears as the drivers of pH variation. The large rainy season (LRS)
seems to be the most critical period for OA sensitive organisms, while the Bp
station looks most vulnerable.

Keywords

Carbonate System, Variability, Coastal Ocean, Ocean Acidification,
Cameroon

1. Introduction

The carbonate system contributes to the regulation of seawater pH, and controls
the carbon dioxide (CO,) cycle between the lithosphere, atmosphere and ocean
[1]. Understand the variability of carbonate chemistry parameters in seawater is
important to predict potential impact of ocean acidification (OA) on biodiversity
and marine ecosystems [2]. Since the advent of industrial revolution and the burn-
ing of fossils fuels, anthropogenic carbon dioxide (CO,) emission into the atmos-
phere has significantly increased. Each year, the oceans absorbs about a quarter of
emitted CO, by fossil fuel consumption, cement manufacturing and land use
change, contributing to mitigate the impacts of climate change on the planet [3]
[4]. This absorption causes significant changes in the seawater carbonate chemis-
try by increasing the concentration of bicarbonate ions (HCO; ) and dissolved
inorganic carbon (DIC), and lowering pH, carbonate ions (CO" ) concentration,
aragonite (QAr.) and calcite (QQCal.) saturation (biogenic form of calcium car-
bonate (CaCO:s) useful in the construction of shells and skeletons of marine crus-
taceans) [5] [6]. This process known under the term “Ocean Acidification” could
have varied effects on different marine taxa, ultimately leading to possible changes
in ecosystem services [7] [8]. Global seawater pH has declined approximately by
0.1 units on average since the pre-industrial period [9]. Furthermore, the Repre-
sentative Concentration Pathway (RCP) 8.5 is projected to decline by a further
~0.30 units by the end of the century [10]. In the coastal ocean, variability in car-
bonate system can be influenced by biological metabolism, river input, and water
mass mixing [11]. Biogeochemical and anthropogenic processes can also result in
heterogeneity in coastal water chemistry, including carbonate system parameters
[12]. Eutrophication due to excess nutrient runoff (e.g., nitrate and phosphate),
biological production of organic matter and their subsequent microbial degrada-
tion release CO, and can also contribute to acidify subsurface water in coastal ocean
regions [13] [14]. In order to gain a deeper comprehension of coastal acidification
and its potential impacts for biological organisms and the functioning of ecosys-
tems, it is essential to investigate the variability and drivers of the carbonate sys-
tem within the specified region [12] [15] [16]. Although carbonate chemistry and
acidification processes have been the subject of considerable study and analysis in

the open ocean at the global scale, the paucity of data and uncertainties remain a
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significant challenge in coastal oceans [12] [17]. In the Gulf of Guinea, few studies
and monitoring campaigns have been conducted to gain an understanding of the
variability of carbonate system [18]-[21]. The majority of studies conducted in the
region have examined air-sea CO, flux in conjunction with the analysis of data
collected during monitoring campaigns undertaken on research cruises, and very
few have been conducted in the coastal ocean. In Cameroon, OA research remains
at the early stage. Little is known about the variability of the carbonate chemistry.
This is mostly due to the fact that the country is classified among those with no
infrastructure or having few equipment to monitor OA [22]. Nevertheless, OA
resulting from alterations in seawater carbonate chemistry may have detrimental
impact on the fishing of a multitude of marine species, including molluscs, crus-
tacea and small pelagic fish within the country. This could lead to adverse eco-
nomic consequences for coastal communities, reducing their incomes and liveli-
hoods [23]. Over the past decade, the southern Atlantic coast of Cameroon, with
a particular focus on the city of Kribi and its surrounding areas, has witnessed a
significant acceleration in industrialisation and uncontrolled urbanisation. The
potential for this economic development to contribute to the degradation of ma-
rine ecosystems and accelerate the adverse effects of global environmental threats,
including climate change, is a significant concern. Therefore, it is crucial to un-
derstand the evolution of ocean changes in the area, including the potential for
acidification. The aim of this preliminary study was to assess the variability of the
carbonate system in the southern coastal ocean of Cameroon at Kribi, and the
effect of local variation of physicochemical and biological variables on keys pa-
rameters of this system (TA and pH). Our hypothesis was that the local variation
of physicochemical variables could exert an influence on pH and TA. The study
constituted the initial phase of an observational programme and vulnerability as-
sessment of local marine ecosystems to ocean change and ocean acidification in

an area that is insufficiently documented.

2. Methods
2.1. Study Area and Description of the Sampling Stations

The study was conducted in the coastal ocean of the southern Atlantic coast of
Cameroon at Kribi and its surrounding areas. Kribi is a coastal city situated be-
tween 2°33'N and 2°57'N, and 9°18'E and 9°54'E. The climate of the southern coast
of Cameroon is an equatorial Guinean type influenced by south-west monsoon
from the Atlantic Ocean, characterized by high and constant temperature. The
region exhibits a four-season climate: 2 rainy seasons, the long rainy season (LRS)
from September to November, the short rainy season from and April to June; and
2 dry seasons, the long dry season (LDS), from December to March, and the short
dry season from July to August [24] [25]. The average annual temperature is
around 25.7°C and precipitation is about 2957 mm per year [26]. The tidal cycle
in the area is semidiurnal with moderate constituents, ranging between 0.5 m and
0.85m [27].

DOI: 10.4236/jwarp.2025.176020

405 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2025.176020

U. J. F. Bilounga et al.

Three sampling stations, each situated at about 3 km from the shore, were se-
lected for this study according to anthropogenic activities in its proximity and
importance for small pelagic fishing (Figure 1). The Bp (3°06'5.22"N, 9°55'50.66"E)
sampling station was situated in the continuum of the ocean to the locality called
Bipaga, around the marine gas pipeline carrying natural gas from the offshore to
the liquefaction plant located on the coastline within 5 km. It has been established
that the process of gas liquefaction results in the emission of CO, and sulphur
dioxide (SO,) [28]. Furthermore, there is a possibility that this could contribute
to the acidification of near-surface seawater. The station was also in close prox-
imity to an artisanal fishermen camp and fish market on the coastline, and wa-
tered by several small rivers that carry litter from the coastal forest to the ocean.
The Kb (2°57'4.82"N, 9°52'40.08"E) sampling station was located in the vicinity of
the mouth of the Kienke river, an important river that traverses the urban zone of
Kribi city and the surrounding agro-industrial area. The river carries organic mat-
ter and pollutants from land to the ocean. The Eb (2°48'25.20"N, 9°51'44.96"E)
sampling station was located off the coast of the village Eboundja. This village is
situated less than 10 km from the Kribi deep-sea port and an oil exploitation plat-
form, and is known to be a sea turtles feeding area [29]. The distance between the
Bp station and the Kb station is approximately 20 km and the distance between
the Kb station and the Eb station is also approximately 20 km. The Bp station is
located in the North of Kb and Eb in the South.

Legend

* Localities
® Sampling stations

Figure 1. Study area and location of sampling stations (Modified from [30]).

2.2. Sampling

A sampling programme was conducted at each station from September 2021 to
August 2022, during the months of September, November, December, March,

April, June, July and August, thereby encompassing all the seasons type encoun-
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Chla (mg.l’] ) =

tered in the study area.

Seawater samples for total alkalinity (T A) analysis were collected from the sur-
face at each sampling station in duplicate per campaign using a 500 ml double-
sealed polyethylene bottle and preserved for biological activity with 100 ul of sat-
urated mercuric chloride solution ( HgCl2 ) as recommended by [31].

Seawater samples (500 ml each) for nutrients (nitrate, nitrite, nitrogen ammo-
nia and phosphate) and chlorophyll-a analysis were collected at the same time and
same frequency at each sampling station and preserved in a refrigerated container

prior to laboratory analysis within the following 48 hours.

2.3. In Situ Measurement of pH, Salinity, Temperature, Dissolved
Oxygen, Electrical Conductivity and Total Dissolved Solids
(TDS)

Physicochemical parameters including pH, salinity, temperature, dissolved oxy-
gen (D.O), electrical conductivity (E.C) and total dissolved solids (TDS) of surface
seawater were measured /n sifu at each sampling point using a well calibrated wa-
ter quality multimeter probe (Hanna Instrument, HI 9829). Calibration was car-
ried out once for each sampling campaign, using the different buffer solutions
provided and the recommended method of the manufacturer. The probes meas-
ure pH with +0.02 accuracy, £0.01 PSU for salinity and +0.15°C for temperature.

Each measurement was made three times for data quality control.

2.4. Laboratory Analysis of Chlorophyll-a and Nutrients

Chlorophyll-a (Chl-a) was extracted in the laboratory using acetone at 90% in the

darkness after filtration of 200 ml of seawater sample, then optical density was

read using a HACH DR/3900 spectrophotometer at 630 nm, 645 nm and 663 nm

wave length. Chlorophyll-a concentration was calculated in mg/L following the

Equation (1).

[(11.64><O.D><663)—(2.l6><O.D><645)—(O.10><O.D><630)]><v
Vxl

1

where: O.D = optical density; v = volume of the acetonic extract (ml);
V = volume of filtered sample (ml);1 = optical length

In the laboratory, nitrate was determined using HACH method N°8171 with
detection level between 0.1 mg/L NO, and 10 mg/l NO, . Nitrite concentration
was measured using HACH method N"8507, with detection level up to 0.30 mg/1.
Ammonia was evaluated using the ammonia salicylate method, HACH method
N°8155. Orthophosphate concentrations were determined using the HACH method
N°8048, the ascorbic acid method. The detection level was between 0.02 mg/1
PO, , and 250 mg/l PO, These parameters were measured on a HACH
DR/3900 spectrophotometer.

2.5. Laboratory Analysis of Total Alkalinity (TA)

TA was measured in the laboratory by titration of 50 ml of the seawater sample
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with 0.1 N hydrochloric acid (HCl) using methyl orange 0.1% w/v solution as dye
[32]. The volume of acid necessary to induce change of the solution colour was
recorded and used to calculate the corresponding TA. The analysis was repeated
twice for each sample to reduce manipulation error.

All laboratory analyses were made at the laboratory of water analysis and at the
Fisheries Research Laboratory of the Cameroon Agricultural Research Institute

for Development.

2.6. Carbonate System Parameters Determination

To characterise the carbonate system, two of the four commonly measured pa-
rameters (TA, DIC, pH and carbon dioxide partial pressure (pCO,)) must be con-
sidered and measured simultaneously with temperature and salinity [33] [34]. In
this study, we used total alkalinity (TA), pH, temperature and salinity, as recom-
mended by the Integrated Carbon Observation System [35] [36], to characterize
the carbonate system, using the CO,SYS_xls program [37]. Carbonate speciation
calculations were done according to [38] for K, and K, dissociation constants, [39]

for bisulphate (KHSO,) dissociation constants and [40] for borate concentration.

2.7. Statistical Analysis

All statistical analyses were performed using RStudio, version 4.4.0 [41]. The nor-
mal distribution of measured and calculated carbonate system parameters as well
as the other environmental variables was checked using the Shapiro-Wilk test.
Data collected were presented per month in each sampling station, and were also
grouped according to the seasons of the study area to analyse the seasonal varia-
bility of considered variables. Then, to compare mean variation of parameters be-
tween seasons, sampling months, as well as sampling stations, data which did not
follow the normal distribution were analysed using the Kruskal-Wallis test fol-
lowed by a pairwise Dunn’s test when a significant difference resulted, and the
variables that satisfied the normality assumption were analysed using the ANOVA
test, followed by a Tukey’s HSD (honestly significant difference) pairwise multiple
comparison test in case of significant difference. Dunn’s test was performed with
Bonferroni correction for p-values. All statistical tests were performed at a 5%
significance level. Pearson correlation analysis was performed to assess relation-
ships among environmental variables and carbonate system parameters. We then
used linear regression to show how strong relationship between correlated varia-
ble was and the confidence limit of this relation, mostly between hydrological var-

iables having a strong correlation with TA and pH.

3. Results
3.1. Physicochemical Characteristics of Seawater of the Study Area

During the study period, the variation of physicochemical parameters was a func-
tion of sampling stations and seasons. Table 1 shows the mean values and stand-

ard deviation of each parameter at each sampling station and season. The sea sur-
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face water remained warm throughout the study period, with a mean value of
28.57°C £ 0.37°C. This temperature varied very little between sampling stations,
but showed the highest mean value during the long dry season (LDS) of 30.4°C +
0.66°C, and the lowest mean value during the short dry season (SDS), 26.0°C +
0.76°C. Salinity varied with rainfall during the study period with a mean value of
18.28 + 1.24 PSU. The lowest mean value was observed during the long rainy sea-
son (LRS) (10.8 £ 0.96 PSU), and the highest during the short rainy season (SRS),
(24.3 £ 0.55 PSU).

Table 1. Mean values of physicochemicals parameters at each season and station LRS = long rainy season; LDS = long dry

season; SRS = short rainy season; SDS = short dry season.

Parameters

Spatial mean values Seasonal mean values

Bp Eb LRS LDS SRS SDS

Salinity (PSU) 18.1+6.35 17.5%£6.27 193+64 108+096 18.1+7.28 24.3+0.55 19.8 £2.10

Temp. (°C) 283+212 291+178 283+178 288%0.87 304%0.66 29.0+1.2 26.0 £0.76

D.O (mg/1) 4.74+3.0 511+3.67 563+3.73 225+091 450+39 511+291 8.78 £0.79

E.C (mS/cm) 294+9.66 289+9.78 31.7+10.1 184+1.50 29.2+108 39.6+143 32.7+3.63

TDS (g/1) 154+521 150+523 16.7+£589 9.19+0.76 14.6+539 20.2*1.14 18.8 £2.83

Nitrate (mg/1) 2.34+£1.09 208+223 198+0.82 3.15%+215 139+054 142+1.11 2.55+0.86

Phosphate(mg/l) 1.63+1.50 0.50+0.75 1.66+2.77 2.12+3.19 1.62+142 123+1.06 0.09+0.15

Chl.a (mg/l) 0.12+0.1 023+0.16 0.134+0.12 0.053+0.04 0.097+0.15 0.2x0.12 0.3 +£0.061

Nitrite (mg/1) 0.02 £0.015 0.025+0.02 0.02+0.009 0.012+0.01 0.026 +0.03 0.012+0.01 0.02 +0.007

Ammonia (mg/l) 1.07+0.76 0.78+0.97 093+1.05 138+1.19 133+1.09 0.54+041 0.46 = 0.37

Temp = temperature; D.O = dissolved oxygen; E.C = electrical conductivity; TDS = total dissolved solids; Chl.a = chloro-

phyll-a.

The mean value of dissolved oxygen was 5.16 + 0.68 mg/l, with the lowest mean
value observed during LRS (2.25 + 0.91 mg/l) and the highest during SDS (8.78 +
0.79 mg/l). Dissolved oxygen varied slightly between sampling sites with the Kb
site presenting the lowest mean value (4.74 + 3.0 mg/l) and the Eb site presenting
the highest mean value (5.63 + 3.73 mg/l). Nitrate showed a mean concentration
of 2.13 + 1.45 mg/l, and phosphate 1.27 + 1.87 mg/l. At the seasonal level, nitrate
showed the lowest mean value during the LDS (1.39 + 0.54 mg/1), and the highest
during the LRS (3.15 * 2.15 mg/1). Phosphate showed the highest mean value dur-
ing the LRS (2.12 * 3.19 mg/l), and the lowest during the SDS (0.09 + 0.15 mg/l).
At the sampling site level, the lowest concentration of nitrate was found in the Eb
site (1.98 + 0.82 mg/1) and the highest in the Kb site (2.34 + 1.09 mg/1). Phosphate
concentration was lowest in the Bp site (0.5 + 0.75 mg/l) and the highest in the Eb
site (1.66 + 2.77 mg/1). Based on all the data collected, chlorophyll-a (Chl-a) con-
centration presented a mean value of 0.16 + 0.14 mg/l during the study period.
For each season, Chl-a presented the lowest concentration during the LRS (0.053
+ 0.04 mg/1) and the highest during SDS (0.3 + 0.06 mg/l). At sampling site level,
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the lowest concentration was found in Kb (0.12 + 0.1 mg/l) and the highest in Bp
(0.23 + 0.16 mg/1). Nitrite concentration shows the lowest mean value during the
LRS (0.012 + 0.01 mg/1), and the highest during the LDS (0.0267 + 0.0294 mg/1).
At the sampling point level, nitrite presented the lowest mean value at Eb (0.0162
+ 0.009 mg/1) and the highest mean value at Bp (0.0251 + 0.02 mg/l). Ammonia
concentration was lowest at the Bp sampling site (0.786 + 0.97 mg/l) and highest
at Kb (1.07 = 0.76 mg/1). At seasonal scale, the lowest concentration was observed
during the SDS (0.465 + 0.37 mg/l), and the highest concentration during the LRS
(1.38 £ 1.19 mg/1).

The Shapiro-Wilk test for normality was applied to all physicochemical param-
eters, and the results demonstrated that only temperature (p-value = 0.11) fol-
lowed a normal distribution (a = 0.05). The Kruskal-Wallis test applied to param-
eters that did not satisfy the normality assumption (salinity, D.O, TDS, conduc-
tivity, nitrate, phosphate, nitrite, ammonia and chlorophyll-a) showed that these
variables were not significantly different between sampling sites (p-value > 0.05)
at 5% significance level. While, salinity, dissolved oxygen, TDS, conductivity, ni-
trate and chlorophyll-a were significantly different between seasons (p-value <
0.05) at 5% significance level. Dunn’s test applied to these parameters showed that,
salinity was significantly different between LRS and SRS (adjusted p-value = 0.0016)
and dissolved oxygen was significantly different between LRS and SDS (adjusted
p-value = 0.009). While significant difference was observed between LRS and SDS
for chlorophyll-a (adjusted p-value = 0.02), LRS and SRS for TDS (adjusted p-
value = 0.003) and conductivity (adjusted p-value = 0.0006). No significant differ-
ence was observed for nitrate (p-value > 0.05) between seasons.

The result of the ANOV A test on temperature indicated that this parameter was
not statistically significant different between the sampling stations (p-value > 0.05).
However, a significant difference was observed between the LRS and LDS, SDS
and LDS, SDS and LRS, SRS and SDS (p-value < 0.05), as determined by the Tukey
HSD test.

3.2. Spatio Temporal Variation of Carbonate System Parameters in
the Southern Coast of Cameroon

The carbonate system parameters showed a large variability during the study
period at each sampling station. The variation of TA, bicarbonate ions, carbon
dioxide and carbonate ions are presented in Figure 2. At the spatial scale, the
lowest mean value of TA (2225 + 210 pmol/kg) was observed at the Bp sampling
station, and the highest mean value (2448 + 219 umol/kg) at the Eb station. Sep-
tember and December were the months with the lowest TA mean value observed
(2070 + 52.7 umol/kg and 2069 + 52.2 umol/kg respectively), April and June the
months with the highest TA mean values (2530 + 58 umol/kg and 2531 + 115
pumol/kg respectively). At the level of each sampling station, TA varied at the Bp
station between 2009 pmol/kg and 2597 umol/kg, with a mean value of 2225 +
210 umol/kg. The lowest value was observed in December (2008.8 umol/kg) and

DOI: 10.4236/jwarp.2025.176020

410 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2025.176020

U. J. F. Bilounga et al.

the highest value in April (2597.2 umol/kg). At the Kb station, the mean value
of TA observed was 2325 + 251 umol/kg. The lowest value was 2009 pmol/kg
observed during the months of September and November, and the highest
value was 2597 umol/Kg obtained during the months of June and August. At
the Eb station, TA varied between 2100 umol/kg (in September and December)
and 2597 umol/kg (in June, July and August), with a mean value of 2448 + 219

umol/kg.
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Figure 2. Monthly variation of (a) Total alkalinity; (b) Bicarbonate ions HCO; ; (c) Carbon dioxide CO, and (d) Carbonate

. 2— .
ions CO; in the southern coast of Cameroon.

The bicarbonate ions (HCO; ) showed a large variability during this study at
all the sampling stations. At the sampling stations level, the lowest mean value
(1776 £ 224 pmol/kg) was obtained at the Kb station, and the highest mean value
(2054 + 155 pmol/kg) at the Eb station. December was the month with the lowest
mean value (1724 + 53.6 umol/kg), and April the month with the highest mean
value (2098 + 44.3 umol/kg). At each sampling station, HCO; presented at the
Bp station, a mean value of 1863 + 160 pumol/kg, with the lowest value (1664
umol/kg) obtained during the month of November, and the highest value (2150
umol/kg) during the month of April. At the Kb station, the mean value obtained
was 1776 + 224 pmol/kg. The minimum value (1472 umol/kg) was observed dur-
ing the month of November, and the maximum value (2072 pumol/kg) was ob-
tained during the month of April.

The lowest mean value of Carbonate ions (CO?“ ) was observed at the Bp sam-
pling station (159 + 48.7umol/kg), and the highest at the Kb sampling station (241
+ 112 umol/kg). September was the month where lowest mean value (95.4 + 2.17

umol/kg) was observed, and June the month where the highest mean value (283.3
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+ 171 pmol/kg) was collected. At the level of each station, CO;  presented a
mean value of 159 + 48,7 umol/kg at the Bp station, 173.12 + 38.7 umol/kg at Eb
station, and a mean value of 241.22 + 112 umol/kg at the Kb station. At the Bp
sampling station, the lowest value (97.6 pmol/kg) was observed in September, and
the highest (235.73 pmol/kg) in March. At Eb, the lowest value (95.32 umol/kg)
was obtained in the month of September, and the highest value (222.02 pmol/kg)
obtained in the month of March. At the Kb sampling station, the minimum value
(93.3 umol/kg) was recorded in September, and the maximum value (480.14
umol/kg) recorded in June.

The lowest mean value of Carbon dioxide ( CO,) during the study period
was observed at the Kb station (10.1+ 5.33 umol/kg) and the highest at the Eb
station (15.9 + 2.39 umol/kg). The month of November presented lowest mean
value of CO, (9.2 £ 5.23 umol/kg), and the month of September the highest
mean value (19.04 + 0.5 pmol/kg). At each station, Carbon dioxide ( CO, ) var-
ied with a mean value of 14.8 + 4.6 umol/kg at the Bp sampling station, 15.9 +
2.39 umol/kg at Eb, and 10.1 + 5.33 umol/kg at Kb. At Bp the lowest value (7.81
umol/kg) was obtained in November, and the highest (20.9 pymol/Kg) obtained
in July. At the Eb station, the minimum value (12.7 pmol/kg) was observed in
March, and the maximum value (19.6pmol/kg) observed in November. At the
Kb station, the lowest value observed was 3.12 pmol/kg during the month of
June, and the highest value (18.6 pmol/kg) observed during the month of No-
vember.

Figure 3 illustrate the variation of pH, partial pressure of carbon dioxide ( pCO, ),
aragonite and calcite saturation state during the study period in the southern At-

lantic coast of Cameroon.
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Figure 3. Monthly variation of pH (a), pCO: (b), aragonite (c) and calcite (d) saturation state in the southern coast of

Cameroon.
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At the spatial scale, minimal mean value of pH was obtained at the Eb sampling
station (8.07 + 0.07), and the maximum mean value at the Kb station (8.27 + 0.2).
September was the month where the lowest pH mean value was observed (8.01 £
0.01), and November the month with the highest mean value (8.35 £ 0.17). At the
level of each sampling station, pH variation presented a mean value of 8.09 £ 0.15
at the Bp station, 8.07 + 0.07 at Eb and a mean value of 8.27 + 0.21 at Kb. The
lowest value observed at Bp was 7.9 in July, and highest 8.35 in November (Figure
3(a)). At Eb, the minimum value recorded was 8.00 during the month of Septem-
ber, and the maximum value 8.17 was recorded during the month of November.
At the Kb station, the lowest value of pH (8.0) was obtained in September, and the
highest (8.59) obtained in June.

The pCO, varied at the spatial scale in the study area with the minimal mean
value (354 + 189 patm) obtained at the Kb sampling station, and the maximal
mean value (562 * 7patm) obtained at the Eb sampling station. At the time scale,
September was the month with the highest pCO, mean value (640.15 + 11.3 patm),
and November the month with the lowest pCO, mean value (323.5 + 185.2
patm). When considering the variability inside each station, the mean value ob-
tained at the Bp sampling station was 525.04 + 156 patm, 562 + 7 patm at the Eb
station, and 354 * 189 patm at the Kb station. The lowest value obtained at the Bp
station was 273.22 patm in November and the highest 715.01patm in July (Figure
3(b)). At the Eb station the minimum value of pCO, (453patm) was observed
during the month of December, and the maximum (652 patm) during the month
of September. At the Kb sampling station, the lowest value was 110 patm during
the month of June, and the highest value was 630 patm during the month of Sep-
tember.

For aragonite saturation, the lowest mean value (1.7 £ 0.04 Q) was observed
during the month of September and the highest (4.8 + 2.87 Q) during the month
of June. The means values obtained in each sampling station were 2.78 + 0.84 Q
at Bp, 2.9 £ 0.63 Q at Eb and 4.17 + 1.85 Q at Kb. The lowest aragonite saturation
state value (1.74 Q) at Bp station was obtained in September and the highest value
(4.08 Q) in March. At Eb, the minimum value of aragonite (1.69 Q) was observed
in September and the maximum value (3.82 Q0) in March. At the Kb station, the
lowest aragonite value (1.66 Q) was obtained during the month of September, and
the highest (8.1 Q) during the month of June.

Calcite saturation followed the same variation as aragonite in each sampling
station. The means values observed during the study period were 4.43 + 1.23 Q) at
Bp, 4.78 £ 0.9 Q at Eb, and 6.7 * 2.84 Q at Kb sampling station.

Shapiro-Wilk normality test applied to the measured and calculated carbonate
system parameters showed that, HCO; (p-value =0.071), CO; (p-value = 0.067)
and pCO, (p-value = 0.104) follows a normal distribution (a = 0.05).

To understand whether or not variables were significantly different between the
months of measurement, or between the sampling stations, the ANOVA test was

applied to parameters with a normal distribution. The results revealed that, in one
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hand, the means of CO, and pCO, were significantly different between sampling
stations (p-value < 0.05), while HCO; was not significantly different between
sampling stations (p-value > 0.05). In the other hand, the above variables were not
significantly different between sampling months. The Tukey HSD test applied on
CO; and pCO, shows that, the difference was between Kb and Eb (p-value = 0.01
and p-value = 0.02 respectively) for both variables.

The Kruskal Wallis test applied to variables that do not follow the normal dis-
tribution (TA, pH, CO? , calcite, and aragonite) showed that all these parame-
ters were not significantly different between sampling stations and sampling

months (p-value > 0.05 at 5% significance level).

3.3. Seasonal Variation of Carbonate Systems

Carbonate system data collected was grouped according to the four seasons en-
countered in the southern coast of Cameroon. The boxplots of results showed a
seasonal variation of TA, HCO;,CO,and CO; as presented in Figure 4. Dur-
ing the LRS and the SRS, interquartile range of total alkalinity were less spread
than in the other two seasons, showing an appreciable level of homogeneity of the
alkalinity during these seasons. Lowest alkalinity was observed during the LRS
with a mean value of 2152 + 222 pmol/kg, and highest during the SRS with a mean
value of 2530 + 81.6 umol.kg. Bicarbonate ions ( HCOJ ) also exhibited a seasonal
variation. During the LRS and SDS, interquartile range were highest spread than
in the other seasons. The lowest median (1794 pmol/kg) was observed during the
LDS, with a range of 300 umol/kg, and the highest median (2073 umol/kg) during
the SRS with a range of 662 pmol/kg. Carbonate ions (CO3 ) presented the high-
est median value (199 umol/kg) during the LDS with a range of 112 umol/kg, and
the lowest median value (141 pmol/kg) during the LRS with a range of 149 pmol/kg.
For carbon dioxide, we obtained the lowest median value (10.6 pmol/kg) during
the LDS with a range of 3.64 pmol/kg, and the highest value (16.8 pumol/kg) during
the LRS with the highest range of 14.8 umol/kg.

Figure 5 show the seasonal variation of pH, pCO,, aragonite, and calcite
saturation state in the southern coast of Cameroon. The pH showed a large
range of variation during the LRS (range = 0.52) and the SRS (range = 0.58).
Median variation showed the lowest value (8.01) during the SDS, and the high-
est value (8.2) during the LDS. The pCO, interquartile range were less spread
during the LDS and the SRS. A large range of variation was observed during
the SRS (range = 547 patm), LRS (range = 483 patm), and the SDS (range = 459
patm). The smallest median value (395 patm) was obtained during the LDS,
and the highest value (613 patm) during the SRS. Aragonite and calcite fol-
lowed approximately the same seasonal trend with a large spread of interquar-
tile during the LRS and SDS than the other two seasons. Analysis of medians
values showed the smallest value during the LRS for aragonite and calcite (2.53
Q and 4.24 Q respectively) and the highest during the LDS (3.52 Q and 5.65 Q

respectively).
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Figure 5. Seasonal variation of pH (a), pCO: (b), Aragonite (c) and Calcite (d) in the southern coast of Cameroon.

The ANOVA test revealed that, HCO); was significantly different between SRS
and LRS (adjusted p-value < 0.05). In the other hand, the Kruskal Wallis test
showed that TA was also significantly different between LRS and SRS (adjusted p-
value < 0.05). No significant difference was found between seasons for the others

carbonate system parameters.

3.4. Correlation Analysis

The analysis of Pearson correlations showed that some physicochemical variables
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were significatively correlated with carbonate system parameters. Salinity expressed
a positive correlation with TA (r = 0.8). Positive correlations were also founded be-
tween salinity and both HCO; and COf’ (r =0.5). Nitrogen ammonia (NH,)
presented a positive correlation with pH (r = 0.6), and a negative correlation with
pCO, (r=-0.5) and CO, (r = -0.5). In addition, significant correlations were
founded between carbonate system variables. TA was positively correlated to
HCO; (r=0.7), CO?’ (r = 0.5) and aragonite (r = 0.5). pH was negatively corre-
lated to pCO, (r=-1), HCO; (r =-0.7), and positively correlated to aragonite
and calcite (r = 0.8). pCO, was positively correlated to HCO; (r =0.7) and neg-
atively correlated to CO? (r =-0.7), aragonite (r = —0.8) and calcite (r = —0.8).
The linear representation of the influence of salinity on TA variation (Figure
6(a)), and nitrogen ammonia influence on pH (Figure 6(b)) is presented below.
As salinity increase, TA also increase. The linear equation showed that salinity
have explained 63% of the TA variation in the southern coast of Cameroon during
the study period. A significative relationship was founded between nitrogen am-
monia and pH in the study area. This suggest that organic matter runoff in the
coastal region could have an effect on the pH variation in the area. However, the
linear equation showed that only 34% of the variation of the pH can be explained
by nitrogen ammonia concentration in the area, suggesting the importance of

other factors on pH variation.

8.6+ .
b) .
a) o) pH =0.12NH4 + 8.04
§ 8.41 R=034 "
2 p-value = 0,002
8 g2l
gs. 5
&,
T TA = 306568l + 1772.192 80. ™ o °
*® R2=0.63 p-value < 0.05 A
10 5 20 25 0 o] , 2
Salinity (PSU) Nitrogen ammonia (mg/1)

Figure 6. Linear regression of the influence of salinity on TA (a), and the influence of nitrogen ammonia on pH (b) at the

southern coast of Cameroon. The grey area represents the 95% confidence limit.
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Figure 7. Linear regression of the influence of pCO: on the pH variation at the southern
coast of Cameroon.

DOI: 10.4236/jwarp.2025.176020

416 Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2025.176020

U. J. F. Bilounga et al.

Among the other factors likely to influence pH variation, pCO,, which ex-
presses the quantity of carbon dioxide absorbed by the ocean, appears to be very
important as presented in Figure 7. In fact, pCO, strongly and negatively influ-
ence the variation of pH explaining about 92% of its variance. Thus, dissolved
carbon dioxide resulting from atmospheric absorption or other process appears

to be the main factor influencing pH variation in the study area.

4. Discussion

4.1. Variability of the Carbonate System

The carbonate system showed spatial and temporal variability in the southern
coastal ocean of Cameroon during the study period. At the temporal level, the
fluctuation of carbonate system parameters had some specificities for each sea-
son. This seasonal variability was highlighted in marine ecosystems of other re-
gions of the world [17] [42] [43]. During the LRS, the TA appears lower, with
lowest values observed during the month of September, affected by the reduc-
tion in salinity due to the large amount of freshwater that is brought into the
area by rivers and adjacent streams. As salinity decreased in this period, TA also
decreased, affecting the buffering capacity of seawater in the area. During the
other seasons, this relationship was conserved with TA increasing when salinity
increases. Many studies in other world regions mentioned this variation of TA
associated with changes in salinity even in coastal ocean [44]-[46]. The highest
variability range of TA observed during the SDS, reveal the complexity of coastal
ocean processes happened during this period, with alternating periods of light
rain and great sunshine. This fluctuation affects the stability of salinity during
this period driving the large range of TA. The pH also showed seasonal varia-
bility but the ANOVA analysis shows that this variability was not significative.
The pH was correlated to the pCO, and the nitrogen ammonia during the study
period. The lowest mean value of pH (8.01 + 0.01) obtained during the month
of September which correspond to the large rainy season (LRS), highlight the
fact that, during this period, more acidic freshwater added to the area through
river and streams, accompanied by organic matter, as the largest mean value of
nitrogen ammonia was also obtained during the same period, contribute in de-
creasing the pH. Degradation of organic matter produce CO, and can contribute
to the lowering of pH [13]. This presence of large amount of CO, in the seawater
at this period was corroborated by the highest mean value of pCO, (640 + 11.3
patm) obtained in September. Indeed, an increase in pCO, directly induced a
lowering of pH in the area, since a strong negative correlation between both
parameters was found in all seasons. It is therefore difficult to say at this stage
of the study whether it is the input of organic matter ocean-atmosphere CO,
exchange that is responsible for the drop in pH at this period. The saturation
state of aragonite and calcite followed the same trend at both seasonal and
months level and could be linked to the variability of pH, pCO, and TA. The

large rainy season (LRS) appears to be the most critical period for the carbonate
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system in the study area, recording the lowest mean TA value, the lowest con-
centration of carbonate ions, the lowest saturation states for calcite and arago-
nite, and elevated pCO,. This period of about four months could be stressful for
marine calcifier organisms, affecting their shell construction ability. Most of the
carbonate system parameters were not significantly different between sampling
stations except for pCO, which showed a significant difference between Eb and
Kb sampling stations. However, we found the lowest pH value (7.9) at the Bp
sampling site. This lowest pH value in this zone could be the effect of human
activities, mostly activities of the gas liquefaction plant in the coastal area in
addition to the CO, uptake. Sulphur dioxide rejected by the plant could contrib-
ute to acidify near seawater in the area. This could also be due to organic matter
runoff from rivers and their subsequent microbial degradation. The Bp sam-
pling station appears to be the most vulnerable of the three stations, as the lowest
mean values of carbonate ions (CO;™ ), aragonite and calcite were found there.
The site could be considered as a potential hotspot of acidification in the study
area, and should be monitored over a long term, so as to be able to anticipate

early the irreversible effects of acidification on the local ecosystem.

4.2. Factors Driving the Carbonate System Variability

Correlations analysis between carbonate system and physicochemical parame-
ters revealed the existence of some strong relationship among them. Salinity ap-
pears to be strongly correlated to TA, bicarbonate and carbonate ions. This
strong relation between salinity and TA was mentioned in many others studies
around the world [42] [44] [47] [48]. However, the linear regression analysis in
this study showed that 63% of TA variation was explained by salinity. Contrary
to the work of [19], who showed that only a quarter of TA variation in coastal
region can be attributed to salinity in the Gulf of Guinea. The difference ob-
served could be attributed to the hydrography of the coastal area and the im-
portance of freshwater input in the ocean at the target area. pH and nitrogen
ammonia were positively correlated showing an influence of organic matter to
the variation of the pH in the area. Although linear regression showed that only
34% of the pH variation could be explained by nitrogen ammonia, it is known
that the degradation of organic matter in coastal region could influence the var-
iation of pH through the eutrophication process [49]. However, a strong nega-
tive correlation was found between pH and pCO, confirmed by the linear re-
gression, showing that about 92% of pH variation could be attributed to CO,
concentration in the seawater. This relationship between pH and pCO; in sea-
water is at the basis of ocean acidification process [3] [8] [10] [50] [51]. The
other environmental variables contributed very little to the change in pH in the
study area. At the end, salinity variation, organic matter input in the area, linked
to local hydrography, and carbon dioxide concentration in seawater, appears as
the main driving factors of the variation of carbonate system parameters in the

study area.
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4.3. Implications for Ocean Acidification Process and Research in
the Study Area

Observations made during the study period indicate that the critical thresholds for
ocean acidification have not yet been reached in the portion of southern coastal
ocean of Cameroon studied, given the means values of pH (8.14 + 0.17), aragonite
(Q2>1) and calcite (Q > 1) saturation states obtained. The pH observed was in line
with the global average pH currently observed in the ocean. The values of aragonite
and calcite saturation are indicators of the fact that calcifiers organisms in the study
area still retain their ability to form shells and exoskeletons. However, during the
LRS when the lowest mean values of pH, aragonite and calcite saturation have been
observed, particular care should be taken to avoid aggravating factors related to hu-
man activities that could increase the vulnerability of these organisms during this
period. This means that adequate environmental management policies must be im-
plemented upstream to prevent the discharge of acidic pollutants or organic matter
into the ocean, which could increase carbon dioxide levels in the environment
through microbial degradation, leading to a more pronounced lowering of the pH
in the area. The potential impacts of ocean acidification on the Cameroon marine
ecosystems have been analysed in a previous study [23]. As the study area represent
an important fishery zone [52], in a long term, acidification process could in the
long term affect the development of fish larval stages, particularly small pelagic, with
serious socio-economic consequences for local communities. It is admitted that the
biological impact of OA will occur at the molecular and cellular level, but the ex-
pression of this impact may lead to changes in relative species composition or to
reduction in productivity at a given trophic level [53]. Local environmental condi-
tions can therefore act as stimulating factors of the potential effect of OA in the area
[54]. The large variability of carbonate system parameters observed during this
study give an overview of changing conditions experienced by organisms living in
this ecosystem. Futures laboratory studies of the potential impact of ocean acidifi-
cation on local organisms will need to take into account the range of variation of
carbonate system parameters in the area, in order to prepare realistic experiments
that take local conditions into account. As one of the actual challenges of the scien-
tific community is to assess the impacts of OA on marine diversity as they occur in
real situations [55], monitoring and observations then provide a context and the

understanding of environment to complement experimental studies.

5. Conclusion

The coastal ocean is a high variable system with complex interactions and pro-
cesses. This study highlighted the high variability of carbonate system parameters
in a portion of the southern coastal ocean of Cameroon, and presented the varia-
tion in salinity related to the hydrography and the seasonal rainfall, as a major
driver of the variation of TA, while organic matter input and its degradation affect
the variation of pH. Studying the variability of carbonate systems remains chal-

lenging in the context of a developing country with few observational infrastruc-
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tures. To capture all the processes affecting the variability of carbonate systems,
high frequency and long-term measurements on representatives sampling stations
will be necessary. It will be important to distinguish processes linked to eutroph-
ication that can influence the variation of pH in the area, to the potential effect of
rising atmospheric carbon dioxide uptake. The use of Certified Reference Material
(CRMs) in TA measurements in future monitoring campaigns will improve the
data quality. The study was an opportunity and step toward to somewhat describe,
analyse and understand the current variability of carbonate system and the chem-
ical condition experiencing by organisms in the study area. We are very hopeful
that the research team will soon receive the donation of GOA-ON kits in Box from
The Ocean Foundation through the BIOTTA (Building Capacity in Ocean Acidi-
fication Monitoring in The Gulf of Guinea) project, which will enable us to im-
prove the quality and quantity of measurements and go further in observing ocean

acidification in Cameroon.
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