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Abstract
This study addresses the different biogeochemical parameters that control the dynamics of Hg, which is a less-studiedmetal in the
Ebrié Lagoon. During two hydrological seasons, the dry season and the rainy season, we regularly sampled and analysed various
compartments (e.g. sediments and fishes (Tilapia sp.)) of the lagoon. Thus, the physicochemical parameters were measured in
situ (e.g. temperature, pH, salinity, redox potential and dissolved oxygen, total dissolved organic carbon, nitrates and sulphates),
and the microbiological parameters (e.g. cultivable cells, total enzymatic activity and catabolic activity) were measured to
establish the seasonal variations in the links between Hg and biogeochemical parameters throughmultivariate statistical analyses.
The bioavailability of Hg from an unpolluted site was studied by comparing the ratios of fish and sediment. The results indicated
that the seasons influenced the different biogeochemical factors, although for some factors, the variations were not significant.
This influence was more pronounced in the dry season than in the rainy season. The impact of microbial activities and organic
matter on Hg dynamics was observed in all seasons. However, other factors, such as pH, temperature, salinity, Eh and sulphates,
influenced the dynamics of Hg only in the dry season.
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Introduction

The contamination of aquatic environments by Hg has
been a global concern for several decades because Hg is

a non-essential metal for the development of living organ-
isms and is recognised as a pollutant with a high degree of
toxicity. This is due to its non-biodegradable character, its
persistence in ecosystems and its toxicity to living organ-
isms (Cardoso et al. 2014). Hg tends to accumulate in
aquatic environments by reversibly associating with sedi-
ments and often concentrating in the aquatic food chain.
The most toxic form of mercurial derivatives is its organic
form, especially MeHg, because of its lipophilic character
and its ability to cross biological membranes (King et al.
2000). Hg accumulation in aquatic environments gradually
degrades the quality of these environments. The degrada-
tion of these aquatic environments particularly affects re-
gions of Africa. While some parts of the world, such as
Europe and North America, have declined their contribu-
tions to aquatic Hg levels, the levels in Africa have in-
creased in recent decades (Pacyna et al. 2001, 2006).
This increase is due to the use of Hg in all anthropic activ-
ities, including gold mining, which has led to an increase in
Hg fluxes in the terrestrial and aquatic ecosystems in
Africa (Fiston 2017). This massive contribution of Hg to

Responsible editor: Severine Le Faucheur

* Clarisse Balland-Bolou-Bi
clarisse.bolou-bi@u-pec.fr

1 Unité de Formation et Recherche des Sciences et Gestion de
l’Environnement, Université Nangui Abrogoua, 02 BP 801 Abidjan,
02 Abidjan, Côte d’Ivoire

2 UMR MA 102 Laboratoire Eau Environnement et Système Urbain,
Université Paris-Est Créteil, 61 Avenue du Général de Gaulle,
94010 Créteil Cedex, France

3 Département des Sciences du Sol, Université Félix
Houphouët-Boigny, Unité de Formation et Recherche des Sciences
de la Terre et des Ressources Minières, 22 BP 582 Abidjan,
22 Abidjan, Côte d’Ivoire

4 Centre de Recherches Océanologiques (CRO), Laboratoire de
Physique et Géologie Marine, B.P.V. 18, Abidjan, Côte d’Ivoire

https://doi.org/10.1007/s11356-020-08471-3

/Published online: 28 March 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-08471-3&domain=pdf
mailto:clarisse.bolou-bi@u-pec.fr


terrestrial and aquatic environments is not without risk to
human health because these environments are used for ei-
ther agriculture or fishing.

Lagoons are buffer or exchange zones between inland
waters and marine waters. The different movements of
these two types of water make this environment an eco-
system with very different seasonal characteristics. This is
the case of the Ebrié Lagoon, the largest and most impor-
tant lagoon of the Ivorian lagoon system, and on its banks
has developed Abidjan, a large agglomeration of West
Africa. In addition, this lagoon is located in a tropical zone
where climatic and environmental conditions (high tem-
peratures, strong fluctuations in salinity and turbidity be-
tween the rainy and dry seasons, high biological turnover
rates), lead to high variability in many aspects of the Hg
cycle (Costa et al. 2012). Coastal sediments are an impor-
tant compartment for transport, long-term Hg storage and
are optimal for Hg methylation (Seelen et al. 2018).
Contaminants in sediments can be transferred to the water
column via a variety of processes, including diffusion and
advection from sediments (often biotically mediated), sed-
iment resuspension and release, and biotransfer through
organisms that feed at the sediment–water interface
(Mason et al. 1999). The dynamics of Hg at the estuarine
level has been addressed by several authors. Seelen et al.
(2018) have highlighted the important role of particle in-
puts in estuaries, particle exchanges between sediments
and the water column and organic matter in the
distribution of Hg and MeHg. Noh et al. (2013) showed
that in saline environments, biogeochemical factors such
as suspended matter, primary productivity and sulphate
and chloride concentrations influence Hg speciation. To
these biogeochemical parameters, the important role of
redox chemistry controls for a large part the distribution
and fate of MeHg in surface sediments (Mason et al.

1999). Moreover, the effects of redox chemistry can in-
crease with the presence of high levels suspended matter
and the intensity of light in the water (Ci et al. 2016). Choi
et al. (2019) emphasised the importance of organic matter
and total nitrogen in the production and bioavailability of
MeHg for organisms in sediments..

However, in the case of the Ebrié Lagoon, although the
global levels of Hg and other MTEs are currently known
(Soro et al. 2009; Wognin et al. 2017), the mechanisms and
control factors regulating the transfer of Hg from one com-
partment to another compartment remain unknown. Thus, the
main objective of this study is to assess the level of Hg con-
tamination in the different compartments of the Ebrié Lagoon
(e.g. sediments and fish (Tilapia sp.)) and to constrain the
influence of some biogeochemical processes on the dynamics
of Hg in these compartments following various climatic sea-
sons. For this, a detailed study was conducted in the Ebrié
Lagoon during two hydrological seasons (the dry season and
the rainy season). This study concerns the Hg content varia-
tion and its link with some physicochemical and microbiolog-
ical parameters in each compartment.

Material et methods

Study site

The study was carried out in the Ebrié Lagoon, located in
the south of Côte d’Ivoire in the city of Abidjan (Fig. 1).
This lagoon is parallel with the equator, and its coordi-
nates are 5° 20′ and 5° 10’ N and 3° 40′ and 4° 50’ W.
The study area covers an area of 560 km2 and is 140 km
long. Its width does not exceed 7 km, and its mean water
volume is estimated at approximately 2.7 × 109 m3, with
an average depth of 4.8 m (Varlet 1978). The main

Fig. 1 Localisation map of the different sampling sites of the Ebrié Lagoon
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climate is tropical and is marked by a period of abundant
rain and a long dry period. The Ebrié Lagoon is fed with
freshwater by the Agnéby, Mé and Comoé rivers. The
lagoon has been in permanent contact with the Atlantic
Ocean since 1950 by the artificial channel of Vridi. As
part of this study, eight sites were selected for sample
collection, including seven in the Abidjan region and
one in Cosrou Bay. Cosrou Bay is located about 90 km
west of the Abidjan area and is considered a control site.
These sampling sites were chosen on the basis of the
morphological and hydrobiological criteria proposed by
Durand and Guiral (1994), which stipulate that the
Abidjan zone is under the influence of the sea and that
of Cosrou is stable, with little influence from marine wa-
ters and freshwater inputs. This choice is also motivated
by the fact that these two zones are very different from the
point of view of urbanisation: Abidjan is very urbanised
and Cosrou is purely rural.

Sampling and preparation of samples

Samples of sediments, water and fishes (Tilapia sp.) were
collected during two sampling campaigns in the dry sea-
son (February 2017) and then in the wet season
(July 2017). The sediments were collected using a Van
Veen grab sampler at the surface. Each sediment sample
was split into two parts. The first portion of sediment was
used for microbiological analyses and samples were col-
lected in sterile Falcon® vials and then stored at − 18 °C
before analysis. The second part of the sample was used
for chemical analysis and was stored in freezer bags be-
fore analysis. For chemical analyses, the sediment was
dried at 105 °C for 24 h. The dried sediment samples
were finely ground and stored until analysis.

Water samples were collected at three depths (at the sur-
face, in the middle and at 0.5 m from the bottom) from each
site using a 2-l Niskin® bottle. Then, the samples were trans-
ferred to Nalgene® polyethylene bottles, which were previ-
ously rinsed with a 5% nitric acid solution, rinsed thoroughly
with distilled water in the laboratory and rinsed again with an
aliquot of the sample from the site before sampling. In the
laboratory, the solutions were vacuum filtered using the
Whatman® filtration system and a nylon filter (0.45 μm di-
ameter). The filtered samples were stored in Falcon® tubes at
− 18 °C until analysis.

The fish samples were obtained at each site by collecting
fish from traditional fishermen living around the lagoon. Fish
were transported in refrigerated enclosures (4 °C). In the lab-
oratory, the flesh of fishes was delicately separated from the
skeleton. These fish flesh samples were then freeze-dried
using a lyophiliser Alpha 1-2®, and then, the samples were
finely ground and stored before analysis.

Chemical analyses of samples

In situ parameter measurements in water column

During both field seasons, the pH, redox potential, dis-
solved oxygen and temperature were measured in situ
using the multiparameter BANTE 900P®. The salinity
of the samples was determined using a multiparameter
HANNA HI 9828®. The determination of these parame-
ters was based on an aliquot of the samples taken at each
site and at each depth of the water column.

Nitrates, sulphates and dissolved organic carbon analyses
in water samples

For the solutions (water column), the anions (sulphates and ni-
trates) were analysed with kits (test kits, Spectroquant®) using a
GENESYS 5® spectrophotometer at wavelengths of 490 and
410 nm, respectively, for sulphates and nitrates. The content of
dissolved organic carbon (DOC) was determined using a
TOCmeter Shimazu® composed of ASI-Vand TOC-Vcsh.

Total mercury content in all samples (sediment and fish)

Total Hg levels (sediment and fish) were analysed by AMA
254®) (Automatic Mercury Analyzer). Based on the method
of thermal decomposition atomic absorption spectrometry
(AAS) with gold amalgamation, it is a method for the rapid
determination of total Hg (Costley et al. 2000). This device is
specifically designed for the direct quantification of low Hg
concentrations in solid or liquid samples. A sample (without
pretreatment) of known weight or volume is placed in the
nacelle, which is itself introduced into the catalytic tube. The
sample is then dried and decomposed thermally or burned.
The decomposition products of the sample are pushed by a
flow of oxygen in the second part of the catalytic tube. The
decomposition products are then pushed to the amalgam for
selective trapping of the Hg, the rest goes into the measuring
tanks until the oxygen evacuation of the device. The amalgam
and tanks are thermostated at 130 °C to prevent condensation
of water. After the decomposition of a sample and the
stabilisation of the temperature in the amalgam, the amount
of Hg trapped in the amalgam is measured. The same proce-
dure was used for all samples. This technique was used by
several authors (Reis et al. 2010; Sahuquillo et al. 2003) to
quantify the total Hg in soils as well as in soil solutions.
Moreover, our apparatus (AMA 254) is equipped with high-
capacity platform and high-sensitivity cell. This cell allows
having (1) a theoretical limit of detection at 0.003 ng absolute
(i.e. 0.003 ppb for 1 g or ml weighed or injected) and (2) a
theoretical limit of quantification of 0.01 ng absolute (i.e.
0.01 ppb for 1 g or ml weighed or injected). Finally, triplicated
samples passed the method criteria of < 20% RSD (relative
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standard deviation) for liquids samples and < 5% RSD for
solids samples. All samples passed routine quality assurance
metrics included in the standardised analytical method. For
example, both standard reference materials such as river clay
sediment-Metals (LGC6139), Estuarine sediment (BCR
277R) were recovered within certified limits 1.2 ±
0.05 mg kg−1 and 0.128 ± 0.017 mg kg−1 of Hg, respectively.

Methylmercury extraction from sediment samples

The method used for the extraction of MeHg from sedi-
ments was adapted from (Maggi et al. 2009). Briefly, ap-
proximately 0.5 g of dry sediment was finely ground and
then placed in a 50-ml vial tube and hydrolysed with
2.5 ml of HCl (6 M suprapure®). The sample was
homogenised for 5 min and then centrifuged at
2400 rpm for 10 min. The supernatant was removed,
and 5 ml of toluene was added to the sediment residues.
The entire sample was vigorously stirred for 20 min. After
centrifugation (2400 rpm, 20 min), the supernatant con-
taining organo-Hg species was collected in Falcon®
tubes. The combined organic extracts were extracted
twice with 0.3 ml of a 1% aqueous solution of cysteine
to separate the toluene from the MeHg, which ended up in
the pellet with L-cysteine. Then, an aliquot of the L-
cysteine extract was immediately analysed with the Hg
analyser (AMA 254).

Microbiological analyses

Determination of the cultivable microflora was performed ac-
cording to the NPP technique (Jarvis et al. 2010). One gram of
fresh sediment and 9 ml of sterile physiological water were
stirred for 1 h with a Stuart® stirrer. The mixture was then
centrifuged for 1 min at 500 rpm. One hundred microliters of
the obtained supernatant was sampled, and then a series of
daughter solutions was obtained by several dilutions (from
one tenth to one millionth) using sterile physiological water.
Each dilution (20 μl) was used to fill the plates, with four
replicates of each. Then, 180 μl of a non-selective culture
medium (Nutrient Broth) was added to each dilution. The
microplates were then incubated at 28 °C for 48 h. The reading
was performed at 620 nmwithMultiskan FC® to quantify the
total cultivable microflora.

For the determination of the catabolic activity of mi-
croorganisms, the protocol was adapted from Garland
(1996, 1997). One gram of fresh sediment and 9 ml of
sterile physiological water were stirred for 1 h with the
Stuart® stirrer. The mixture was then centrifuged for
1 min at 500 rpm. The obtained supernatant was removed
and diluted in physiological water according to the enu-
meration of the total cultivable microflora to obtain the
same number of microorganisms. The wells of the Eco-

Plate type microplate (Biolog®) were then inoculated
with 150 μl of this diluted daughter solution. These mi-
croplates have 96 wells ready for use, with 31 carbon
substrates of 6 different classes (amines, carbohydrates,
complex carbon sources, carboxylic acids, amino acids
and carbon phosphates). After incubation for 72 h at
28 °C in the dark, the catabolic activity of the microor-
ganisms was determined by measuring the optical density
(OD) using a Multiskan FC® plate reader at 620 nm. The
obtained measurements made it possible to calculate the
average metabolic activity of the cultivable sediment bac-
teria known as the average well colour development
(AWCD), which is given by the following relation:

AWCD ¼ Σ OD end samples−OD initialð Þ=31 number of total substratesð Þ½ �ð Þ

Finally, the total enzymatic activity of microorganisms
(fluorescein diacetate (FDA)) in sediments was determined
in this study following the method developed by Green et al.
(2006). This method is a spectrophotometric method in which
cleavage by hydrolysis of FDA in fluorescein by several sed-
iment enzymes allows the solutions to appear as fluorescent
yellow. For analysis, 10 ml of a phosphate buffer solution and
100μl of FDAwere mixedwith 1 g of fresh sediment in sterile
50-ml tubes. The mixture was stirred for 1 h with a Stuart®
stirrer and then centrifuged for 1 min at 300 rpm. The optical
density of the supernatant was measured at 490 nm using a
GENESYS 5 spectrophotometer to determine the total enzy-
matic activity of the microorganisms using a standard range.

Parameter calculation

The bioaccumulation factors of Hg (BAF) in fish were calcu-
lated for each of the sites studied by the following formula:

BAF ¼ Total Hg content in fish

Total Hg content in sediment
�

Data treatment

The results were statistically processed with XLSTAT soft-
ware version 2018. For chemical and biological character-
istics, each analysis was performed in triplicate. Significant
differences between each sample were determined by
analysing the variance (one-factor ANOVA) and by the
Tukey HSD test (significance threshold of P < 0.05, with
n = 3). Principal component analysis (PCA) was performed
on all the factors studied. Thus, the Pearson correlation
coefficient was calculated between the biogeochemical
characteristics of the medium and the Hg content of the
different compartments of the studied lagoon for each sam-
pling point.
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Results

Physicochemical parameters of water in Ebrié Lagoon

The lagoon water temperature values ranged from 25.50 ±
1.80 to 31.17 ± 0.29 °C, with an average of 28.80 ± 1.38 °C
in the dry season and an average of 26.54 ± 0.63 °C in the
rainy season. The lowest temperature was measured in the
waters of the Yopougon site during the rainy season and the
highest temperature at the Cosrou site during the dry season.
However, for all sites, the dry season temperature values were
slightly higher, with an average difference of 2.27 ± 1.08 °C
compared to those of the rainy season. This difference was not
significant, regardless of the site sampling according to
ANOVA and the Tukey test (p = 0.05) (Fig. 2a).

The pH values ranged from 6.75 ± 0.30 to 7.89 ± 0.09, with
an average of 7.62 ± 0.25 in the dry season and 7.44 ± 0.34 in
the rainy season. The lowest pHwasmeasured in the waters of
the Cosrou site during the rainy season, and the highest pH at
the Yopougon site during the dry season. However, for all sites
except Marcory and Cocody, the pH values in the dry season
were slightly higher, with an average difference of 0.28 ±
0.15, than those in the rainy season. This difference was not
significant, regardless of the site sampling according to
ANOVA and the Tukey test (p = 0.05) (Fig. 2b).

The salinity values ranged from 0.05 ± 0.00 to 35.23 ±
2.15 ppm, with an average of 27.16 ± 11.12 ppm in the dry
season and an average of 10.86 ± 7.31 ppm in the rainy sea-
son. The lowest salinity was measured in the waters of the
Cosrou site during the rainy season, while the highest salinity
was observed at the Port site during the dry season. However,
the salinity values of all sites in the dry season were slightly
higher, with an average difference of 16.30 ± 7.21 ppm, than
those of the rainy season. This difference was not significant
regardless of the site according to ANOVA and the Tukey test
(p = 0.05) (Fig. 2c).

The Eh values of the lagoon waters oscillated between −
46.67 ± 6.45 and 19.63 ± 15.72 mV, with an average of −
35.12 ± 9.49 mV in the dry season and an average of −
23.07 ± 19.99 mV in the rainy season. The lowest Eh value
was measured in the waters of the Yopougon site during the
dry season and that of the highest Eh was measured at the
Cosrou site during the rainy season. However, the lagoon
water potential of all sites was lower in the dry season, with
an average difference of − 12.05 ± 16.88 mV, than that in the
rainy season. This difference was not significant regardless of
the site, with the exception of the Cosrou site (control site),
according to ANOVA and the Tukey test (p = 0.05) (Fig. 2d).

The dissolved oxygen levels (DO) ranged from 3.95 ± 0.18
to 8.78 ± 2.66 mg l−1, with an average of 6.86 ± 1.18 mg l−1 in
the dry season and an average of 5.07 ± 0.67 mg l−1 in the
rainy season. The lowest OD value was measured in the wa-
ters of the Biétri site during the rainy season, and the highest

OD at the site of Koumassi in the dry season. At all sites, the
DO levels were higher in the dry season, with an average
difference of 1.79 ± 1.11 mg l−1, than those in the rainy sea-
son, but the difference was not statistically significant accord-
ing to ANOVA and the Tukey test (p = 0.05) (Fig. 2e).

The dissolved organic carbon (DOC) contents of the la-
goon waters ranged from 3.43 ± 0.33 to 12.39 ± 5.30 mg l−1,
with an average of 4.64 ± 1.94 mg l−1 in the dry season and
7.26 ± 2.37 mg l−1 in the rainy season. The lowest DOC value
was measured in the waters of the Koumassi site during the
dry season while the highest value was observed at the Port
site during the rainy season. The DOC contents in the water
column were slightly lower in the dry season, with an average
difference of − 3.27 ± 1.73 mg l−1, than those in the rainy
season, except at the Cocody site. However, the differences
between the seasons were not significant regardless of the site,
except for the Port site, where the difference between seasons
was significant according to ANOVA and the Tukey test (p =
0.05) (Fig. 2f).

The nitrate contents were between 0.49 ± 0.43 and 122.24
± 15.57 mg l−1, with an average of 1.11 ± 0.59 mg l−1 in the
dry season; however, the value of nitrate at the Koumassi site
was higher than that of the other sites. The average of all
sampling sites was 2.16 ± 0.55 mg l−1 during the rainy season.
The lowest nitrate content was measured in the waters of the
Yopougon site during the dry season and the highest nitrate
content at the Koumassi site during the rainy season. At these
different sites, the nitrate contents were lower during the dry
season than those of the rainy season by an average of − 1.01
± 0.76 mg l−1, but these differences were not statistically sig-
nificant, regardless of site, according to ANOVA and the
Tukey test (p = 0.05), with the exception of the Koumassi site
(Fig. 2g).

The sulphate contents ranged from 6.39 ± 7.16 to 599.23 ±
6.25 mg l−1, excluding Cosrou, which had contents below the
limit of detection. All other sites had an average of 549.78 ±
41.42 mg l−1 in the dry season and an average of 360.30 ±
167.39 mg l−1 in the rainy season. The sulphate content was
almost zero in all seasons at the Cosrou site; however, at the
sites in the Abidjan zone, the lowest sulphate content was
measured in the Koumassi site during the rainy season and
the highest sulphate level at theMarcory site in the dry season.
At these different sampling sites, the sulphate contents were
higher during the dry season that those of the rainy season by
an average 189 ± 149mg l−1. However, this difference was not
statistically significant, regardless of the site and the season,
according to ANOVA and the Tukey test (p = 0.05), with the
exception of the Koumassi site (Fig. 2h).

Microbiological activities in Ebrié Lagoon sediments

The total microflora enumeration in sediments ranged from
1.8 × 103 ± 1.1 × 103 to 2.9 × 106 ± 1.4 × 105 cultivable cells
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per gram of dry sediment. The lowest number of cultivable
cells per gram of sediment was obtained in the Cosrou sedi-
ments during the rainy season, while the largest number of
cultivable cells was obtained in the Koumassi sediments dur-
ing the dry season. At these different sampling sites, the num-
ber of cultivable cells was higher during the dry season than
that in the rainy season, except in Cocody and Marcory.

However, this difference was not statistically significant re-
gardless of the season according to ANOVA and the Tukey
test (p = 0.05), except at the Koumassi site (Fig. 3a).

The total enzymatic activities of microorganisms in sedi-
ments ranged from 0.01 ± 0.00 to 0.54 ± 0.00mg FDA g−1 dry
sediment h−1. The enzymatic activity was lowest in the sedi-
ments of the Port site during the dry season and highest in the

Fig. 2 Seasonal variation of the physicochemical parameters (a
temperature, b pH, c salinity, d redox potential, e dissolved oxygen
content, f dissolved organic carbon content, g nitrate content, h sulphate
content) of the Ebrié Lagoon. Each bar corresponds to the average, and

the standard deviation is determined from 3 replicates. The letters a, b, c
and d correspond to the different groups of significance obtained by
analysis of variance and the Tukey test (p = 0.05) on 3 replicates
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sediments of the Cosrou site in the dry season. At these sites,
the enzymatic activity was lower during the dry season, with
an average difference of − 0.15 mg FDA g−1 dry sediment h−1

in the rainy season, except for the Cosrou and Banco sites.
This difference in the sites between seasons was significant
according to ANOVA and the Tukey test (p = 0.05), except for
the Koumassi site (Fig. 3b).

The catabolic activity of microorganisms in sediments
ranged from 0.03 ± 0.03 to 2.26 ± 0.03. The catabolic activity
was lowest in the Banco sediments during the rainy season
and highest in the Koumassi sediments during the rainy sea-
son. At these different sites, the catabolic activity was higher
in the dry season that that in the rainy season, with an average
difference of 0.78 ± 0.25 at the Cosrou, Yopougon, Banco and
Cocody sites. In contrast, at the Koumassi, Marcory, Port and
Biétri sites, the catabolic activity was lower in the dry season
that that in the rainy season, with an average difference of
0.51 ± 0.17. The difference at the sites between seasons was
significant according to ANOVA and the Tukey test (p = 0.05)
(Fig. 3c).

Total Hg content in the different compartments
(sediment, fish) of the Ebrié Lagoon

The total sediment Hg content (THgsediment) ranged from
13.79 ± 0.15 to 1165.06 ± 6.44 μg kg−1, with a substantially
similar average in the dry and rainy seasons. The Cocody site

had the highest content of THgsediment regardless of the season
(Fig. 4a). The lowest contents were measured at the Port and
Cosrou sites during the dry season and the rainy season, re-
spectively. In general, except for the Cosrou and Marcory
sites, the THgsediment contents were higher in the rainy season
that those in the dry season, with an average difference of
121.58 ± 155.71 μg kg−1. According to ANOVA and the
Tukey test (p = 0.05), these differences between the seasons
and the sites were significant, except for the sites near the
Vridi Canal (Biétri, Port and Yopougon), where there was no
difference between seasons (Fig. 4a).

The MeHg contents of the lagoon sediments (MeHgsediment)
ranged from 2.18 ± 0.13 to 4.41 ± 0.48 μg kg−1, with a similar
average of 2.66 μg kg−1 in the dry and rainy seasons. Similar to
the total Hg content in the sediments, the Cocody site had the
highest levels of MeHgsediment regardless of the season (Fig.
4b). The lowest MeHgsediment contents were measured at the
Port and Yopougon sites during the dry and rainy seasons,
respectively. At these different sites, the MeHgsediment contents
were higher in the rainy season that those in the dry season, with
an average difference of 0.39 ± 0.28 μg kg−1 at the sites of
Koumassi, Port, Cosrou, Banco and Cocody and Biétri. In con-
trast, the Cosrou, Yopougon and Marcory sites had
MeHgsediment contents that were lower in the rainy season that
those in the dry season, with an average difference of − 0.64 ±
0.44 μg kg−1. According to ANOVA and the Tukey test (p =
0.05), the differences between seasons and sites were not

Fig. 3 Seasonal variation of the biological parameters (a number of
cultivable cells/g of dry sediment, b total enzymatic activity, c catabolic
diversity AWCD) of the Ebrié Lagoon. Each bar corresponds to the av-
erage, and the standard deviation is determined from 3 replicates. The

letters a, b, c, d, e, f, g, h, i and j correspond to the different groups of
significance obtained by analysis of variance and the Tukey test (p = 0.05)
on 3 replicates
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significant, except for the Cosrou and Cocody sites (Fig. 4b).
The MeHgsediment compared to the THgsediment indicated the
methylation rates ranged from 0.5 ± 0.01 (Cocody) to 15.79 ±
0.98% (Port) in the dry season and from 0.38 ± 0.04 (Cocody)
to 7.66 ± 0.58% (Cosrou) during the rainy season. The seasonal
variation in methylation was marked at Cosrou and Port, with a
higher methylation percentage in the dry season than in the
rainy season for the Port site and a higher methylation percent-
age in the rainy season than in the dry season for the Cosrou site
(Fig. 4c).

The total Hg content in fish (THgfish) varied from 106.33 ±
2.86 to 1110.30 ± 0.76 μg kg−1, with similar averages in the
dry and rainy seasons. During the dry season, the lowest
THgfish content wasmeasured at the Biétri site, and the highest

THgfish content was measured at the Yopougon site. In the
rainy season, the lowest THgfish content was observed at the
Biétri site, while the highest content was observed at the
Cocody site. The THgfish contents were higher in the rainy
season than those in the dry season, with an average difference
of 176.84 ± 70.48 μg kg−1, except for those at the Yopougon
and Marcory sites, according to ANOVA and the Tukey test
(p = 0.05) (Fig. 5).

BAFsin fishes

Figure 6 displays the bioaccumulation factors (BAFs) be-
tween the fish and sediment of the Ebrié Lagoon. The BAF
value obtained in relation to the sediments was between 0.31

Fig. 5 Total Hg content in fish
(Tilapia sp.) (μg kg−1) for the
different sampling sites. Each bar
corresponds to the average, and
the standard deviation is
determined from 3 replicates. The
letters a–k correspond to the dif-
ferent groups of significance ob-
tained by analysis of variance and
the Tukey test (p = 0.05) on 3
replicates. n.d. no data

Fig. 4 a Total Hg (HgTS) and bMeHg (MeHgS) contents (μg kg−1) and
c methylation rates (%) in sediment for the different sampling sites. Each
bar corresponds to the average, and the standard deviation is determined

from 3 replicates. The letters a, b, c, d, e, f and g correspond to the
different groups of significance obtained by analysis of variance and the
Tukey test (p = 0.05) on 3 replicates
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± 0.02 and 25.93 ± 0.46. The factor was higher at the Port site
in the dry season, while it was lower at the Biétri site in the dry
season. The BAF was less than 1 for Cosrou and Marcory in
the dry season, less than 1 for Biétri and Cocody in all seasons,
and less than 1 for Yopougon in the rainy season. The BAF
was greater than 1 for Cosrou, Marcory and Koumassi in the
rainy season, for Port and Banco in all seasons and for
Yopougon in the dry season. The BAF was approximately
equal to 1 for Marcory and Koumassi in the dry season.
Regardless of the sampling site, the BAF was higher in the
rainy season than that in the dry season, except at the Port,
Yopougon and Cocody sites (Fig. 6).

Discussion

Seasonal effect on physicochemical parameters

The circulation of water in the Ebrié Lagoon is strongly linked to
the tide and the fluvial currents (Wango et al. 2008). Thus,
during the dry season, continental inputs (e.g. runoff or precip-
itation) are negligible, evaporation is maximised and marine
influence prevails. All of these conditions allow the temperature
and salinity to reach their highest levels. In the rainy season,
rainfall and river inflow were more important, and the tempera-
ture reached its minimum value. Moreover, the rainy season
corresponds to the beginning of upwelling in the coastal region.
Several studies (Wognin et al. 2017; Tosic et al. 2019) have
shown the influence of seasonal variability on water quality
parameters. According to our results, there is significant season-
al variation in all of the physicochemical parameters that were
studied, except for the nitrate and dissolved oxygen contents.

In our study, a slight decrease in temperature was observed
from the dry season to the rainy season. Similar values were
observed in various lagoons in West Africa. The obtained
temperatures were in the same range as those observed in
the same lagoon by previous studies (Kouassi et al. 2005;

Inza et al. 2009). The same temperatures were observed in
the Kpeshie lagoon in Ghana, where the temperatures ranged
from 28.4 to 29.6 °C (Addo et al. 2011), as well as those
observed in the Konkouré River Estuary in Guinea—
specifically in the bay—in Sangaréah, where the values were
from 30.8 to 31 °C (Onivogui et al. 2013). According to
Monde et al. (2007), the change in lagoon water temperature
is related to rainfall and river fluxes; specifically, in Comoé,
the temperature increases during the period of low rainfall and
water levels in the dry season and decreases during the period
of abundant rainfall and river flow during the rainy season.
These observations are consistent with our results.

The same behaviour was observed for pH in the dry season.
There is more seawater supply in the zone of Abidjan, which
is under marine influence (Durand and Guiral 1994), inducing
the slightly basic pH observed at all the sampling sites. In
detail, the highest values were observed at the Yopougon
and Port sites, which are close to the marine water gate, and
the lowest value was observed in Cosrou, which is far from the
Vridi Canal and thus far from marine influences. In the rainy
season, the pH of the continental waters decreases slightly,
becoming more acidic. These results are in agreement with
the literature data on the Ebrié Lagoon (Soro et al. 2009;
Kouamé et al. 2016; Aka et al. 2017).

The salinities in the Ebrié Lagoon are generally related to its
proximity to the Atlantic Ocean. The marine water differs from
the continental waters by a very high salinity, i.e. up to 35 ppm
(based on the ocean), during the rainy season. The continental
waters, in particular those of the Comoé River (salinities close
to 0 ppm), will reduce the salinity of the lagoon by the dilution
effect or by pushing the marine waters to their front door. In the
dry season, the salinities measured at the sampling sites near the
Vridi Canal were the highest, while the Cosrou sampling site,
which is located far from the ocean, had a very low salinity. In
the rainy season, the lagoon was under the influence of conti-
nental waters. These observations are in agreement with the
results obtained by Aka et al. 2016, 2017.

Fig. 6 Bioaccumulation factor of
Hg in Tilapia sp. from sediment
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The redox potential is a good tracer of the pollution gradi-
ent (Borch et al. 2010; Tokarz and Urban 2015). As the dis-
tance from the pollution source increases, more acceptors of
electrons in the medium become oxidising. As the distance
from the pollution source decreases, the number of electrons
increase and the environment becomes reductive. These ob-
servations could explain the redox potential data from our
sampling sites. All the sites in the lagoon zone in Abidjan
were reducing, and Cosrou, which is in a rural area, was the
least reducing in the dry season and became oxidative during
the rainy season by the dilution effect. In the Ebrié Lagoon,
the redox potential is related to the pollution gradient rather
than to the season.

Among the parameters likely to influence the concentration
of DO is the light that allows aquatic plants and algae to
photosynthesise and thus increase the content of DO in the
water column (Hunt and Christiansen 2000). During the rainy
season, runoff brings suspended matter to the lagoon, leading
to poor light scattering in the water column, decreasing pho-
tosynthesis and consequently lowering the production of DO
in the water column. This pattern explains the slight difference
between the seasons observed in the Ebrié Lagoon. According
to the results obtained by Aka et al. (2017), the waters of the
lagoon are more loaded with suspended matter during periods
of precipitation.

The sulphate contents were significantly similar among
sampling sites in the Abidjan zone. These high sulphate levels
can be attributed to anthropogenic activities or the intrusion of
marine waters. Indeed, sulphate is the major component of
dissolved salts in oceans. On the other hand, the Cosrou site,
which is located in a rural area of the lagoon, has almost no
grades regardless of the season. In the dry season, sulphates
are introduced into the lagoon by marine waters. In the rainy
season, sulphates are also introduced into the lagoon by the
addition of continental water, which slightly dilutes the sul-
phate concentrations during this season. This slight dilution
could explain the zero level observed at Cosrou.

The form of nitrogen in the surface water depends on sev-
eral factors, including the pH, dissolved oxygen concentration
and biological communities present. They may subsequently
be driven by surface runoff or leaching through the soil (Hou
et al. 2013). These processes could explain the low nitrate
concentrations measured at all sampling sites and in all sea-
sons. Nitrates can also come from wastewater, which often
releases high concentrations of ammonia and nitrite into the
water; these components are oxidised to nitrate through mi-
crobial activity. This process could explain the abundant ni-
trate at the Koumassi site caused by the intensive microbial
activities fed by wastewater from the industrial zone and do-
mestic waste from the area around the lagoon site.

In the water column, the DOC contents are slightly higher
in the rainy season than in the dry season. Because natural
sources of DOC are low, the anthropogenic sources of DOC

observed in aquatic systems mainly come from runoff and
urban discharge (domestic and industrial), which explains this
slight seasonal variation in DOC. This seasonal variation in
organic matter has also been observed in other studies (Aka
et al. 2016; Bisinoti et al. 2007; Macalady et al. 2000). Runoff
from the rainy season is, therefore, an entry point for organic
matter into the Ebrié Lagoon.

Very little information is available, or even nonexistent, on
all indicators of microbiological activity in sediments. The
results show that the sediment microflora is higher in the dry
season than in the rainy season. This would be due to a dilu-
tion effect in the rainy season caused by resuspension of mi-
croorganisms contained in the sediments by the currents in-
duced by the rainy season. This would increase the microflora
of the water column in this season (Kouassi et al. 2005). The
enzymatic activity is favoured during the season when the
microflora is the least (rainy season). This suggests that other
parameters have occurred. It should be noted that some envi-
ronmental factors may influence the microbial community
(Lauber et al. 2008, 2009). As for the catabolic activity, it is
influenced by the intensity of pollution of the sites. Indeed,
effluent discharges contribute to the microbial contamination
of the Ebrié lagoon (Kouassi et al. 2005).

All of these physicochemical parameters can therefore in-
fluence the microbial activity and the distribution of Hg in the
different compartments of the Ebrié Lagoon.

Distribution of Hg in fish and sediment of the lagoon

The total Hg contents in all sediment sampling sites were well
above the continental crustal mercury (UCC) value of
56 μg kg−1 (Wedepohl 1995), except at the Cosrou site during
the rainy season and the Port site during the dry season. In
addition, the Yopougon, Banco, Biétri and Cocody sites had
total Hg contents in their sediments that were greater than the
total Hg contents in unpolluted sediments (i.e. 50 to
300 μg kg−1) (Calamari and Naeve 1994). Indeed, the sam-
pling sites of Banco and Yopougon belong to the municipality
of Yopougon, the largest municipality of Côte d’Ivoire, and in
addition, Yopougon is home to the largest industrial area of the
city of Abidjan. According to a previous study (Koffi 2009),
the banks of the lagoon at Yopougon were heavily polluted by
agricultural activities, as are the areas upstream from this in-
dustrial zone. The Biétri site is also close to the town of Port-
Bouet (large residential town) and close to an industrial zone
with refinery industries. The Cocody site is located in Cocody
Bay, which is the mouth of the wastewater outlet of the
northern and eastern parts of the city of Abidjan. Inza and
Yao (2015) reported that sewage was a significant source of
trace metals in this part of the lagoon (Cocody Bay). On the
other hand, the sediments of the Port, despite the establish-
ment of large industry and all the port activities, remained
even lower than the Hg content of the continental crust. This
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result is probably due to its intense hydrodynamism and its
great depth (Yao et al. 2017). The Cosrou site, located in a
rural area of the Ebrié Lagoon far from the agglomeration of
Abidjan, has unpolluted sediments compared to the sediments
of other sites that are located in the central basin of the lagoon.
Indeed, the central part of the Ebrié Lagoon is an industrial,
municipal and agricultural waste disposal site (Brenon et al.
2009; Koffi 2009). However, according to some research
(Oliveri et al. 2016), anthropogenic activities are responsible
for the Hg enrichment of the sediment. In general, the lagoon
sediments do not meet the quality criteria based on the eco-
toxicological data used to estimate a risk of toxicity on benthic
organisms in relation to the toxic effect concentration (TEC)
and the probable effect concentration (PEC). The TEC corre-
sponds to the threshold below which toxicity to benthic inver-
tebrates is unlikely, and the PEC corresponds to the threshold
above which toxicity to benthic invertebrates is likely. Their
values for Hg are 180 μg kg−1 and 1100 μg kg−1 (MacDonald
et al. 2000), respectively. Unlike other sites, the sediments of
the Port site during the two seasons, as well as those of Cosrou
during the rainy season, do not pose a risk to benthic organ-
isms. In conclusion, the sediments of Cocody during the rainy
season have a high probability of toxicity, and the other sam-
pling sites have relatively lower toxic effects on the benthic
organisms.

The total Hg contents in the sediments of other hydrolog-
ical systems of the world, as well as those obtained by some
authors in the sediments of the Ebrié Lagoon, are presented in
Table 1. The total Hg contents measured in this study are of
the same order of magnitude as those obtained by Coulibaly
et al. 2009 (12.06 to 1460 μg kg−1) in the estuarine bays of
Abidjan. Nevertheless, they are much higher than those mea-
sured by Coulibaly et al. (2012) in the same lagoon (Bay of
Biétri), with values ranging from 0.68 to 0.88 μg kg−1. The
values obtained from the sediments in the Ebrié lagoon in our

study have higher Hg concentrations than the sediments of the
Konkouré River Estuary in the Republic of Guinea (Onivogui
et al. 2013) and the Wadi Hanifah in Saudi Arabia (Abdel-
Baki et al. 2013). They are of the same order of magnitude as
the Marginal sea of Pacific Ocean in the China (Kim et al.
2019), the Mekong River Delta in Vietnam (Choi et al. 2019),
and Narragansett Bay in the northeastern USA (Taylor et al.
2012). They are less polluted than the Benya Lagoon in Ghana
(Vowotor et al. 2014), Seine bay and Caux in France (Cossa
et al. 2002), the Bandar Imam Khomeini port in Iran (Peery
et al. 2018) and Augusta Bay in Sicily (Oliveri et al. 2016).

For MeHg analyses in the Ebrié Lagoon sediments, the
data indicate the presence of MeHg at concentrations ranging
from 2.18 to 4.41 μg kg−1. This methylation varies from 0.38
to 15.79% and is 2 times higher than the methylation of Hg in
the sediments of Brazilian mangrove ecosystems (de Oliveira
et al. 2015). This difference in the methylation rate is probably
due to the presence of the mangrove, which serves as a filter
for these ecosystems, because most of the Ebrié Lagoon study
sites are located in the urban zone, i.e. without aquatic vege-
tation. Indeed, aquatic plants can contain 10 to 30% MeHg
(Bridou et al. 2011), which forms in their roots (Gentès 2012)
and comes directly from sediments (Mason et al. 1999).
Several studies have shown that this reaction is driven by the
geochemical processes of the environment in which the reac-
tion takes place (Celo et al. 2006; Paranjape and Hall 2017).

Fish is one of the most traded foods in the world, and its
consumption is more than 19 kg per capita (FAO 2004). Thus,
standards have been established around the world to prevent
Hg contamination resulting from human consumption. The
total Hg concentrations obtained from fish flesh (Tilapia sp.)
of the Ebrié Lagoon in this study ranged from 106.3 to
1110.3 μg kg−1, depending on the sampling site and season.
Currently, the lack of standard in Côte d’Ivoire does not limit
fish consumption and therefore Hg poisoning. However, these

Table 1 Average Hg contents in
Ebrié Lagoon sediments
compared to some global
hydrological systems

Hydrosystems Total Hg contents
in sediment (μg kg−1)

References

Ebrié Lagoon 13.79 to 1165.06 Our study

Estuarine bays of Abidjan (Ebrié Lagoon) 12.06 to 1460 Coulibaly et al. (2009)

Biétri Bay (Ebrié Lagoon) 0.68 to 0.88 Coulibaly et al. (2012)

Benya Lagoon (Ghana) 400 to 8800 Vowotor et al. (2014)

Estuary of the Konkouré River (Rep. Of Guinea) 0.1 Onivogui et al. (2013)

Wadi Hanifah (Saudi Arabia) 14.7 Abdel-Baki et al. (2013)

Port of Bandar Imam Khomeini (Iran) 160 to 2340 Sadegh Peery et al. (2018)

Narragansett Bay (northeastern USA) 560 Taylor et al. (2012)

Augusta Bay (Sicily) 4130 to 22,200 Oliveri et al. (2016)

Marginal sea of Pacific Ocean (China) 18 to 105 Kim et al. (2019)

Mekong River Delta (Vietnam) 35 to 51 Choi et al. (2019)
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Hg contents were compared to the reference values
established by the European Economic Community (EEC)
and the Canadian Food Inspection Agency (CFIA)
(500 μg kg−1) for all fish (Serreta 2000), and the results
showed that the Hg content in fish exceeded these standards
at the Banco and Cocody sites in all seasons, the Yopougon
site in the dry season, and the Port site in the rainy season. Our
values are in the same range as that obtained by Coulibaly
et al. (2012), in Biétri Bay (Table 2). The comparison of the
Hg content of fish from the Ebrié Lagoon with other fish in
other rivers in the world shows that the fish from the Enrié
lagoon are more concentrated in Hg than in Wadi Hanifa in
Saudi Arabia (Abdel-Baki et al. 2013) and in Florida Bay in
USA (Kannan et al. 1998). The fish in the Ebrié Lagoon are on
average identical to those of Mekong River Delta in Vietnam
(Choi et al. 2019) while they are less polluted than the fish of
Coastal Lagoon in Mexico (Aguilar-Betancourt et al.
2016)(Table 2).

In general, the accumulation of Hg in the trophic chain
begins with the assimilation of phytoplankton, and accord-
ing to Tessier (2004), phytoplankton accumulates Hg from
the dissolved phase up to more than 104 times the concen-
tration of the medium. In addition, some studies (Semyalo
et al. 2011) have shown that Tilapia filter feeds and that its
diet consists mainly of detritus, zooplankton and phyto-
plankton. Tables 3 and 4 show that Hg content in fish
was positively correlated with the sediment Hg (r =
0.415) during the rainy season. In other words, apart from
phytoplankton, it seemed that the Hg in fish came mainly
from the sediment. A good positive correlation was ob-
served between sediment Hg and sediment MeHg (r =
0.895 in the dry season and r = 0.650 in the rainy season)
and between fish Hg and sediment MeHg (r = 0.560) in the
Ebrié Lagoon. Indeed, several studies (Baralkiewicz et al.
2006; Bridou et al. 2011; Watras 1992) have shown that the
main form of Hg in fish is monomethylmercury. However,
MeHg, which is bioaccumulative in benthic and pelagic
populations, can be provided by sediments and aquatic
plants (Guimarães et al. 2000; Mason et al. 1999; Mauro
et al. 1999), which is consistent with our results.

Biogeochemical parameters controlling Hg
distribution

In our study, the Pearson correlation tables were made be-
tween the Hg contents of sediment and fish and the bio-
physicochemical parameters measured according to the sam-
pling season (Tables 3 and 4) to determine which factors con-
trol the presence of Hg in the Ebrié Lagoon. Several studies
(Costa and Liss 1999; Fitzgerald and Lamborg 2013) have
highlighted the important role of organic matter and microor-
ganisms on the behaviour of mercury in an aquatic
environment.

Total Hg content in sediment was not influenced by any
parameters studied. However, sediment MeHg was positively
correlated with the redox potential (r = 0.507), temperature
(r = 0.501), DOC (r = 0.628) and the total enzymatic activity
(r = 0.484) and negatively correlated with the pH (r = −
0.627), salinity (r = − 0.542) and sulphate content (r = −
0.476). According to several studies (Graham et al. 2017;
Taylor et al. 2012), DOC forms strong organometallic com-
plexes with Hg and promotes Hg methylation by bacteria by
acting as a substrate for mineralisation. In addition, the pro-
portion of MeHg increases with the concentration of organic
matter (Roulet 2016). DOC is one of the key parameters of Hg
distribution in the Ebrié Lagoon. In the water column, the
DOC contents are slightly higher in the rainy season than in
the dry season. Because natural sources of DOC are low, the
anthropogenic sources of DOC observed in aquatic systems
mainly come from runoff and urban discharge (domestic and
industrial), which explains this slight seasonal variation in
DOC. This seasonal variation in organic matter has also been
observed in other studies (Aka et al. 2016; Bisinoti et al. 2007;
Macalady et al. 2000). Runoff from the rainy season is, there-
fore, an entry point for organic matter into the Ebrié Lagoon.
Moreover, methylation increased with increasing temperature
and redox potential, which is consistent with the literature data
(Mauro et al. 1999). All the sites of the Ebrié Lagoon had a
reducing potential favourable to the reduction of sulphate into
sulphide, favouring the methylation of Hg, which explains the
positive correlation between MeHg and Eh and negative

Table 2 Average Hg contents of
Ebrié Lagoon fish (Tilapia sp.)
compared with those of some
global hydrological systems

Hydrosytems Total Hg contents in fish flesh
(μg g−1 dry weight)

References

Ebrié Lagoon 106.3 to 1110.3 Our study

Biétri Bay (Ebrié Lagoon) 170 Coulibaly et al. (2012)

Wadi Hanifa (Saudi Arabia) 3.1 Abdel-Baki et al. (2013)

Coastal Lagoon (Mexico) 20 to 2170 Aguilar-Betancourt et al. (2016)

Mekong River Delta (Vietnam) 220 Choi et al. (2019)

Florida Bay (USA) 1.79 to 3.9 Kannan et al. (1998)
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correlations between MeHg and sulphates and between sul-
phate content and Eh (r = − 0.640). On the other hand, when
the salinity, pH and sulphates increased, the methylation de-
creased. These results are consistent with the work of Noh
et al. (2013), which state that elevation of salinity and sul-
phates decreases the rate of Hg methylation in sediments.
Our results are also consistent with the literature data (Riba
et al. 2004), which shows that metal mobility increases when
pH and salinity are low. Nevertheless, our results contradict
other studies (de Oliveira et al. 2015; Graham et al. 2017),
which have highlighted that the formation of MeHg in the
superficial sediment fraction tends to increase with salinity
and dissolved organic carbon.

In rainy seasons, no correlation is observed probably due to
a resuspension of Hg sediments (Brown et al. 2015) by the
current induced by the flow of inland water during this period.

The bioaccumulation of Hg in an aquatic environment is a
function of the characteristics of this environment (Marusczak
2010). However, our results show that in the Ebrié Lagoon the
bioaccumulation of Hg is not directly influenced by any of the
parameters studied outside AWCD (r = − 0.55) (Table 4).
Microorganisms play an important role in the cycling of ele-
ments such as carbon, carbon, nitrogen and mercury. Very
little or no information is available on the microbial biomass
and diversity of the lagoon sediments, which could possibly
contribute to the biogeochemical processes related to the mer-
cury cycle. Our results show that the microbial biomass is
more developed in the dry season than in the rainy season
due to a dilution effect during the rainy season. Positive cor-
relations were found during the dry season, including those
between the number of cultivable microorganisms, AWCD
(r = 0.777) corresponding to microorganism catabolic

Table 3 Pearson correlation coefficient (n − 1) between total Hg
contents in all compartments (sediment and fish), chemical parameters
(pH, Eh, dissolved organic carbon, dissolved oxygen, nitrate and sulphate
contents) and microbial activity (FDA total enzymatic activity, AWCD

catabolic diversity, number of cultivable bacteria) based on 24
observations in the rainy season for all sampling sites. Values in italics
are different from 0 to a level of significance of alpha = 0.05

Variables MeHgsed THgsed THgfish Sulphate Nitrate DOC DO Salinity pH Eh FDA AWCD Cultivable cells T°C

MeHgsed 1
THgsed 0.896 1
THgfish 0.560 0.415 1
Sulphate 0.125 0.212 0.133 1
Nitrate − 0.033 0.082 0.139 − 0.042 1
DOC − 0.254 − 0.353 0.301 − 0.079 0.191 1
DO − 0.310 − 0.345 0.085 − 0.227 0.253 0.365 1
Salinity − 0.102 0.059 0.046 0.760 − 0.113 0.119 0.020 1
pH − 0.019 0.209 − 0.033 0.619 − 0.040 − 0.015 − 0.131 0.744 1
Eh − 0.014 − 0.203 0.027 − 0.640 0.021 0.029 0.140 − 0.730 − 0.978 1
FDA − 0.213 − 0.310 0.105 0.081 − 0.050 0.337 0.192 0.200 0.182 − 0.185 1
AWCD − 0.319 − 0.329 − 0.555 − 0.128 0.092 0.053 − 0.067 − 0.040 0.124 − 0.210 0.133 1
Cultivable cells 0.180 0.211 − 0.032 − 0.433 − 0.002 − 0.062 − 0.043 − 0.283 0.012 − 0.025 − 0.212 0.532 1
T°C 0.166 − 0.018 0.116 − 0.466 0.261 0.004 − 0.024 − 0.834 − 0.627 0.563 − 0.020 0.085 0.141 1

Table 4 Pearson correlation coefficient (n −1) between total Hg
contents in all compartments (sediment and fish), chemical parameters
(pH, Eh, dissolved organic carbon, dissolved oxygen, nitrate and sulphate
contents) and microbial activity (FDA total enzymatic activity, AWCD

catabolic diversity, number of cultivable bacteria) based on 24
observations in the dry season for all sampling sites. Values in italics
are different from 0 to a level of significance of alpha = 0.05

Variables MeHgsed THgsed THgfish Sulphate Nitrate DOC DO Salinity pH Eh FDA AWCD cultivable cells T°C

MeHgsed 1
THgsed 0.650 1
THgfish 0.057 0.288 1
Sulphate − 0.476 0.226 0.299 1
Nitrate − 0.303 − 0.184 − 0.259 0.014 1
DOC 0.628 0.262 − 0.013 − 0.302 − 0.277 1
DO − 0.166 − 0.357 − 0.162 − 0.182 0.405 0.095 1
Salinity − 0.542 0.081 0.359 0.931 − 0.167 − 0.253 − 0.253 1
pH − 0.627 − 0.258 0.285 0.590 0.119 − 0.209 0.269 0.701 1
Eh 0.507 0.324 − 0.217 − 0.373 − 0.127 0.116 − 0.409 − 0.500 − 0.868 1
FDA 0.484 0.067 − 0.205 − 0.819 0.046 0.066 − 0.080 − 0.858 − 0.711 0.663 1
AWCD − 0.067 − 0.335 − 0.306 − 0.426 0.831 − 0.203 0.439 − 0.580 − 0.148 0.071 0.421 1
Cultivable cells − 0.304 − 0.187 − 0.266 0.018 0.957 − 0.265 0.439 − 0.159 0.141 − 0.120 0.036 0.777 1
T°C 0.501 0.170 − 0.396 − 0.620 0.330 0.237 0.273 − 0.808 − 0.736 0.665 0.717 0.540 0.308 1
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diversity, nitrate content (r = 0.957) and dissolved oxygen
(r = 0.439), and negative correlations were found with the
concentration of sulphate (r = − 0.433) in the rainy season,
confirming the previous seasonal variation. The increase in
dissolved oxygen and nitrates in the Ebrié Lagoon may favour
the development of microbial biomass in sediments (Bryant
et al. 2012; Silvennoinen et al. 2008). Indeed, the Koumassi
site had a larger microbial biomass than the other sampling
sites, as well as higher contents of dissolved oxygen and ni-
trate during the dry season.

Microorganisms are also responsible for inducing Hg
methylation and MeHg demethylation. The total enzymatic
activity measured in our study is a good way of linking the
activity of microorganisms to the speciation of Hg in the la-
goon (Graham et al. 2017). There was significant spatial and
seasonal variation in our results. The enzymatic activity was
negatively correlated with sulphates (r = − 0.819), dissolved
oxygen (r = − 0.858), and salinity (r = − 0.711). The total en-
zymatic activity was positively correlated with the redox po-
tential (r = 0.663), the temperature (r = 0.717) and the MeHg
content. Our results confirm that bacterial activity plays a role
in the formation of MeHg, which is even more marked when
the temperature increases (Bridou et al. 2011; Macalady et al.
2000). Indeed, the correlations observed in our study are still
much more accentuated in the dry season than in the rainy
season (temperature effect and dilution).

Conclusion

The study of the seasonal dynamics of Hg in the Ebrié Lagoon
is interesting in that it allows us to draw several conclusions.
The seasons influence various biogeochemical factors, al-
though for some factors, this variation is not significant.
This influence is more pronounced in the dry season than in
the rainy season. The impact of microbial activities and organ-
ic matter on Hg dynamics is observed in all seasons. The
microorganisms, by their enzymatic activity, induced the spe-
ciation of Hg through the formation of MeHg in sediments.
This methylation of Hg increases as the temperature and redox
potential increase. In addition, when the salinity, pH and sul-
phates increase, the methylation of Hg in the sediments de-
creases. For dissolved organic carbon (DOC), it is one of the
key parameters of the distribution of Hg in the Ebrié Lagoon
because it is assumed that it plays the role of trapping Hg and
is a source of nutrients for microorganisms. The results also
showed that when dissolved oxygen and nitrates increase in
the Ebrié Lagoon, the microbial biomass of the sediments
increases. Hg in fish comes either directly from sediment or
indirectly through the assimilation of phytoplankton. It should
also be noted that pH, temperature, salinity, Eh and sulphates,
rather influenced the dynamics of Hg only in the dry season.
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