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A B S T R A C T   

Metal contamination is a threat for marine ecosystems from an environmental, economic and public health 
perspective, particularly in regions where local communities rely on marine resources such as the Gulf of Guinea. 
Plankton are the point of entry for metals in the marine food web, potentially contaminating seafood. We 
investigated the bioaccumulation of 12 metals in three size classes of plankton from the coast of Ghana. Metal 
concentrations were high in the micro- and mesoplankton, in particular for Mn, Mo and Zn (up to 100 mg kg− 1) 
and Fe (>100 mg kg− 1). All metals significantly bioaccumulated (103–106 L kg− 1) and the bioaccumulation 
increased from the smallest to larger size fractions, suggesting a biomagnification. These metals included the 
highly toxic elements As, Cd and Pb. Our results highlight the need to monitor metal occurrence in the Gulf of 
Guinea, to reduce pollution and ensure food safety, in accordance with the UN SDG #14.   

1. Introduction 

Coastal environments support productive and diverse marine eco-
systems which are important sources of food and income for local 
populations around the world. Yet, these areas experience fast degra-
dation as a result of multiple anthropogenic activities (Halpern et al., 
2015), and the data documenting the consequences of the damage are 
scarce. The increasing number of people expected to rely on the marine 
resources in tropical coastal areas such as the Gulf of Guinea emphasizes 
the need to identify and monitor coastal degradation and its conse-
quences for the marine environment and the services that it provides. 

The West African upwelling ecosystem in the Gulf of Guinea is under 
pressure from industrial fisheries, illegal, unreported and unregulated 
fishing activities (Kwadjosse, 2009), pollution, and climate change. 
Reported sources of pollution of the Gulf of Guinea are (1) the petroleum 
industry (extraction, refinery, discharge of waste products, spills), (2) 
agriculture, (3) mineral mining, (4) intensive shipping and road traffic, 
(5) food manufacturing and (6) domestic waste such as sewage (Scheren 
and Ibe, 2002; Ukwe et al., 2003). In addition, deforestation releases 
aerosols and enhances the nutrient run-offs (Nriagu, 1992; Scheren and 
Ibe, 2002) and the coasts are also at high risk in a changing climate, 

especially around the Equator (IPCC, 2019). Thus, the ecosystems are 
pressured by multiple local and global stressors such as habitat 
destruction, oil, organic compounds, pesticides, marine debris, and 
metals (Nriagu, 1992), which can interact with the effects of climate 
change (Hernández Ruiz et al., 2021). 

Metals are released to the environment from the industrial and 
mining activities, or as domestic effluents (Scheren and Ibe, 2002) and 
they can easily reach coastal waters either via direct discharge, river 
outflows or atmospheric deposition. Metal contamination has been 
investigated in Ghana due to the mining activities (Armah et al., 2014) 
and concentrations above background levels have been demonstrated 
locally. For instance, high levels of Cadmium (Cd), Arsenic1 (As), Mer-
cury (Hg), Lead (Pb), Zinc (Zn), Manganese (Mn), Copper (Cu) and Iron 
(Fe) have been reported from lagoons close to the cities of Tema and 
Accra (Tay et al., 2010; Gbogbo and Otoo, 2015), both hosting impor-
tant industrial activities including oil refinery and intensive shipping. 
Similarly, significant levels of As, Pb, Cd and Hg have been measured in 
rivers around gold mining towns (Amonoo-Neizer and Amekor, 1993; 
Amonoo-Neizer et al., 1996; Babut et al., 2003; Serfor-Armah et al., 
2005). However, long term monitoring of metal concentrations is lack-
ing, and earlier studies suggest increasing metal levels in seawater and 
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seafood in the area (Scheren and Ibe, 2002; Nubi et al., 2011), stressing 
the necessity to monitor the contamination. 

Once in the water, some metals can remain in the environment for up 
to 800,000 years (Sunda, 2012) and accumulate in sediments and biota 
(Ansari et al., 2004). Their toxic effects have been observed for a wide 
range of aquatic organisms including plankton (Morel and Morel- 
Laurens, 1983; Rijstenbil et al., 1994; Hook and Fisher, 2001; Jakim-
ska et al., 2011). In fact, even though some metals are essential for 
planktonic organisms (Fe, Ni, Cu, Zn, Co, Mo, Mn; Morel and Price, 
2003), others are not (e.g. Hg, Cd, As, Pb), and all metals are toxic above 
a certain concentration (Fraústo da Silva and Williams, 1976). In addi-
tion to the potential toxicity for the plankton community, metal 
contamination in plankton is important to document as it is a point of 
entry for metals into the marine food chain. Based on the available data, 
the level of metal contamination in seafood is generally expected to be 
below the recommended standards in the Gulf of Guinea (Scheren and 
Ibe, 2002), although some studies reported concerning metal levels. For 
example, fish caught along the coast of Accra contained concentrations 
of Pb, Cd and Cr that were considered unsafe for consumption (Quarcoo 
et al., 2015) and dangerously high levels of As were measured in manta 
rays from Dixcove (Essumang, 2010). 

Metal occurrence in phytoplankton cells results from passive 
(adsorption and diffusion) and active uptake mechanisms (e.g. 
complexation of dissolved metals; Fisher and Fabris, 1982; Pistocchi 
et al., 2000) and is driven by bioavailability, which in turn depends on 
metal speciation and abundance (Morel, 1986; Sunda, 1989). In 
zooplankton, metals can both be taken up directly from the water and 
through the food. The metal concentrations in zooplankton are therefore 
influenced by several physiological factors such as ingestion, assimila-
tion efficiency, defecation rates, gut transit and passage time, life stage 
and sex (Wang et al., 1996; Wang and Fisher, 1998; Xu and Wang, 2001; 
Kadiene et al., 2017). Many metals do not seem to biomagnify in the 
planktonic food web (Rossi and Jamet, 2008; Chouvelon et al., 2019), 
possibly due to fast depuration rates in zooplankton, especially in 
tropical regions (Wang, 2002). However, environmental factors such as 
pH, salinity, nutrients, dissolved organic carbon (DOC), sunlight and 
temperature also influence bioaccumulation and the metal speciation 
(Ray, 1986; Wang and Dei, 2001; Sunda, 2012; Pavlaki et al., 2017). 
Since bioaccumulation and effects of metals in plankton depend on the 
properties of the metal, the environmental conditions as well as the 
behavior and ecophysiology of the plankton species, different coastal 
areas can have substantial differences in metal contamination of the 
biota. 

Monitoring the contamination as well as understanding the complex 
interactions and mechanisms responsible for the bioaccumulation of 
metals in the pelagic food web are important in order to protect the 
marine ecosystems and to ensure food safety. We contributed to this aim 
by measuring the metal contamination in coastal seawater and in 
different size fractions of plankton in the Gulf of Guinea, off Cape Coast, 
Ghana, to (1) document the metal levels in the marine pelagic food web 
and (2) investigate the efficiency of the bioaccumulation and bio-
magnification of the different metals. We expected a high variability in 
the concentrations and bioaccumulation between metals in plankton 
and generally low biomagnification in the food web due to high depu-
ration rates in tropical copepods. To our knowledge, this is the first study 
on the bioaccumulation of metals in the planktonic food web in a West 
African upwelling ecosystem, providing a baseline for risk assessment of 
metal contamination in this highly stressed and populated region. In 
Ghana, about 10% of the population relies on fisheries for their liveli-
hood, and fish accounts for as much as 60% of the animal protein intake 
in the diet (FAO, 2016). Since metals are persistent in the environment 
and are known to cause adverse effects for human health (Tchounwou 
et al., 2012), their concentrations should be monitored in these coastal 
areas, in line with the Target 1 of the Sustainable Development Goal #14 
(reducing marine pollution) and Target 9 of the Sustainable Develop-
ment Goal #3 (reduce illnesses from hazardous chemicals and 

pollution). Our results demonstrate bioaccumulation and bio-
magnification of metals in the planktonic food web in the Gulf of Guinea, 
highlighting the potential for seafood contamination in these polluted 
coastal areas. 

2. Methods 

2.1. Study area 

The sampling site was located 0.4–4 km off Cape Coast, Ghana (5.1◦

N, 1.2◦ W; Fig. 1). It is an equatorial region with relatively stable tem-
peratures peaking in May and November, with an average annual sea 
surface temperature (SST) of 27.3 ◦C (Odekunle and Eludoyin, 2008). 
The study area was situated within the continental shelf (depth < 30 m), 
where the low salinity water from rainfall and the Kakum and Sorrowie 
river outflows mix with the warm and salty water of the Guinea current. 
The area experiences a degree of coastal upwelling throughout the year 
with a major event from June to October and a minor event around 
January (Bakun, 1978), which together with the river floods in Sep-
tember–October stimulate plankton production (Binet and Marchal, 
1993). Chlorophyll-a can reach concentrations up to 1.9 mg m− 3 in 
summer (Nieto and Mélin, 2017) while outside the upwelling seasons, 
nutrients and particularly nitrate limit the primary productivity and 
phytoplankton concentration is low. The plankton community compo-
sition changes with seasons (Binet and Marchal, 1993): during the up-
welling large diatoms dominate the phytoplankton community and the 
main copepod species is the lipid rich Calanoides carinatus (Mensah, 
1974; Wiafe et al., 2008), while outside upwelling periods, smaller 
phytoplankton species as well as smaller copepods such as Temora, 
Oncaea, Parvocanalus and Oithona are more common (Dandonneau, 
1972; Thiriot, 1978; Anang, 1979). 

2.2. Sampling 

The samples were collected on the 4th, 6th and 8th of November 
2019, shortly after the upwelling season, at two geographically-close 
locations. The sampling took place after the rain season and the sam-
ples were thus expected to represent an average situation during dry 
seasons and outside the main upwelling periods. Seawater was sampled 
from the surface for chlorophyll-a, nutrients, dissolved organic carbon 
(DOC), and metal analyses. The seawater for nutrients and DOC was 
stored in acid-washed vials in dark and the seawater for metal analyses 
was stored in acid-washed borosilicate glass bottles in dark (U.S. EPA, 
Method 1669). 

Four different plankton size classes (0.7–20 μm, 20–50 μm, 50–200 
μm, and >200 μm) were sampled for metals. The smallest size fraction 
was collected in three 1 L acid-washed borosilicate bottles and filtered 
onto acid-washed GF/F filters in the laboratory, 4–5 h later. The 20–50 
μm, 50–200 μm and >200 μm size fractions were sampled using 
plankton nets with acid-washed non-filtering cod ends, and with a 
diameter of 1 m, 0.5 m and 0.3 m, respectively. The three plankton nets 
were dragged behind a slowly streaming canoe at a depth of 1–3 m for 
respectively 10, 5 and 3 min, and the cod ends were carefully filtered 
onto acid-washed filters of 200, 50 and 20 μm (filter diameter of 90 mm) 
immediately after recovering of the nets. The smaller nets were towed 
for a shorter distance to reduce clogging and breakage of the finer nets 
due to an expected higher concentration of suspended matter in the 
smaller size classes. Whereas the >200 μm size class was filtered directly 
from the cod end onto a 200 μm filter, the 50–200 μm size class was first 
pre-filtered through a clean 200 μm filter, and the 20–50 μm size class 
was pre-filtered through a 50 μm filter, to size fractionate the samples. 
The filters were placed in acid-washed petri dishes and closed. At both 
locations, temperature, salinity and pH of the surface water were 
recorded using a pen type LCD digital pH meter and electronic sali-
nometer (AZ8371). The sampling protocol resulted in 6 seawater sam-
ples (3 days, 2 locations) for metals, nutrients and DOC analysis, and 60 
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samples for different size classes of plankton (see below). 
Originally, all plankton samples were taken in triplicates. However, 

due to the low amount of material in the smallest size class (0.7–20 μm), 
the whole 3 L sample was filtered onto one GF/F filter, resulting in one 
sample for each location. For the largest size class (>200 μm), additional 
three samples were obtained at each location by preserving the acid- 
washed filters that were used for the size fractionation on board, 
resulting in six samples per location. All samples were kept in coolers 
until the return to the laboratory at campus ca. 3–4 h later, and imme-
diately frozen at − 20 ◦C until analysis in Denmark. Plankton samples 
were transported to Denmark in dry ice and coolers, and re frozen within 
24 h. 

2.3. Measurements 

2.3.1. Abiotic parameters and plankton community structure 
Chlorophyll-a concentration was measured using a fluorometer 

(Turner Trilogy) calibrated against a pure chlorophyll-a standard, after 
filtering 100 mL of seawater on Whatman GF/F filters and extracting in 
5 mL of 96% ethanol overnight in darkness at 4 ◦C (Jespersen and 
Christoffersen, 1987). Additional samples for size fractionated chloro-
phyll-a, as well as for microzooplankton abundance and species 
composition, were measured for a mesocosm study conducted using 
water from the same locations (Paulsen et al., unpubl.). In short, pro-
tozoans were enumerated and sized in 50 mL Utermöhl settling cham-
bers using an inverted microscope (Utermöhl, 1958) from a 300 mL 
sample of surface water fixed in acid Lugol's solution (2% final con-
centration). Samples were allowed to settle for 24 h before microscopic 
examination. Cells were grouped into family, genera or species with the 
highest taxonomical resolution possible. Groups were subdivided into 
10 μm equivalent spherical diameter intervals. For analysis of chloro-
phyll-a, triplicate samples (200 to 500 mL) were filtered onto Whatman 
GF/F filters (0.7 μm) and polycarbonate membrane filters (2 μm and 10 
μm). The results from these analyses were used to assess the proportional 
contribution of different organisms to the size fractions used in the metal 
analyses. Nitrite, silicate and phosphate were measured according to 
Hansen and Koroleff (1999) and nitrate was determined according to 
Schnetger and Lehners (2014). Analyses were carried out on a 

SmartChem200 discrete analyzer (AMS Alliance) using OSIL nutrient 
standards and reference material (www.osil.co.uk). Dissolved organic 
carbon and total nitrogen were determined on a Shimadzu TOC-V CPH 
high temperature catalytic combustion carbon analyzer using an acet-
anilide dilution series as standards and community reference material 
(Dennis Hansell, University of Miami). 

2.3.2. Metals in seawater samples 
Elemental concentrations of V, Mn, Ni, Cu, Zn, Ag, Cd and Pb in the 

seawater were measured at the accredited trace metal laboratory of the 
Department of Ecoscience, Aarhus University in Roskilde, Denmark, 
using an Agilent 7900 Inductive Coupled Plasma-Mass Spectrometer 
(ICP-MS). This laboratory uses a dedicated method setup for seawater 
analyses using Agilent's UHMI (Ultra High Matrix Introduction) system 
and ISIS-3 sample introduction following by ICP-MS analyses to mini-
mize interferences from the salt matrix and accumulation in the in-
strument. The method is part of the laboratory accreditation but only 
covers the 8 elements above, so the remaining metals were measured at 
the Department of Environmental Engineering, Technical University of 
Denmark (DTU) in Lyngby, Denmark (see below). Prior to analyses, 
samples were acidified to 2 mL L− 1 with Merck Suprapur nitric acid. A 
blank solution was prepared from Milli-Q water, nitric acid and Merck 
Suprapur NaCl to produce a solution with near similar salinity as the 
samples (3% NaCl). A series of calibration standards was prepared using 
the blank solution and Agilent 2A stock calibration standard. To mini-
mize interferences from the salt matrix and accumulation in the in-
strument, a combination of Agilent's UHMI (Ultra High Matrix 
Introduction) system (using a dilution factor of 8) and ISIS-3 sample 
introduction system was used. The detection limit (DL) was determined 
as three standard deviations (SD) on 10 measurements of the blank 3% 
NaCl solution. The DL for each element is shown in Table 2. The blank 
values for each element were obtained by a series of measurements on 
NASS-6 certified seawater reference material (from National Research 
Council Canada) and the blank values were calculated as the difference 
between measurement results and certified values. Blank values were 
subsequently subtracted from the results. All seawater samples were 
measured as duplicates. The accuracy and precision of the method was 
checked using two different certified seawater and estuarine water 

Cape Coast
Sorowie River

Ghana

Kakum River

Fig. 1. Map of the study area, with the sampling area indicated in the hashed square.  
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reference materials (CASS-5 and SLEW-3 from National Research 
Council Canada) analysed along with the samples. The QA/QC results 
are shown in Table S1. 

Elemental concentrations of Fe, Mo, Co, As, Hg and Cr in the 
seawater were measured at the laboratory of the Department of Envi-
ronmental Engineering, Technical University of Denmark (DTU) in 
Lyngby, Denmark, with an Agilent 7700× ICP-MS using Agilent's High 
Matrix Introduction (HMI) mode. The samples were diluted by a factor 
of 10 in 2% suprapur HNO3 (HNO3 2% and 0.5% HCl for Hg) to acidify 
them and to lower the concentration of suspended solids. In addition, 
one blank was added to clean the system, two other blanks were 
measured to control the instrument contamination, and one control was 
measured to ascertain the accuracy of the instrument (EnviroMAT 
standard). Standards were prepared in ultrapure NaCl solution. An in-
ternal standard (Y) was added to every vial before measurement to 
correct for the viscosity. 

2.3.3. Metals in plankton samples 
Elemental concentrations of V, Ni, Mo, Cu, Mn, Cr, Co, Fe, Zn, As, Cd, 

Pb and Hg in the plankton were measured at the laboratory of the 
Department of Environmental Engineering, Technical University of 
Denmark (DTU) in Lyngby, Denmark, using an Agilent 7700× ICP-MS. 
Before the analysis of metals in the different plankton size classes, the 
filters were freeze-dried overnight, and visible debris such as pieces of 
plastics and wood were removed using acid-cleaned plastic tweezers. 
Visible debris were most abundant in the >200 μm size class. However, 
some debris were likely to remain on filters, since some of the particles 
were broken into pieces that could not be removed. 

For the size fractions of 50–200 μm and >200 μm, plankton were 
scraped out from the filters into 50 mL clean polypropylene tubes 
(PerkinElmer) under a fume hood, using acid-clean plastic tweezers, and 
weighted using an analytical scale with a precision of 0.1 mg (Shimadzu 
AP224W). The samples were then digested using a modified protocol 
from Ratnarajah et al. (2016). A 3:1 volume ratio of suprapur HNO3 65% 
and suprapur H2O2 30% was added step by step until the end of the 
reaction. The samples were kept on a Teflon coated hotplate at 70 ◦C 
overnight. H2O2 was added to optimize the digestion of the organic 
fraction at the 3:1 ratio that gave the clearest solution among the 
different ratios tested on subsamples. After digestion, the samples were 
centrifuged for 20 min at 4000 rounds per minute. The smallest size class 
(0.7–20 μm) collected on the GF/F filters was digested with the same 
protocol as above, but with the filters. Glass fiber particles that dissolved 
during the digestion were removed prior to analysis using disposable 
syringe filters attached to disposable syringes. Triplicate clean GF/F 
filters were included as controls, to ensure that the filters did not 
contaminate the samples. These control samples were treated similarly 
to the samples with plankton. Blank values from the GF/F filters were 
below detection limit for V, Co, Mo and Cd, and negligible for Pb, Fe and 
Mn (0–8%). However, for As and Ni the filter values comprised 18%, for 
Cu 33%, for Cr 45% and for Zn ≥ 45% of the values of the filters con-
taining plankton. The filter blanks of As, Ni, Cu and Cr were subtracted 
from the plankton measurements, whereas Zn measurements were not 
included in the results. Plankton biomass was obtained by subtracting 
the average weight of new GF/F filters (6) from the samples. 3 mL of the 
digested samples were diluted with ultrapure Milli-Q water to 2% HNO3 
(and 1% HNO3, 0.5% HCl for Hg) in polystyrene vials. The internal 
standard (Y) was added to the samples before analysis. Processing of the 
data was carried out in the MassHunter 4.6 Workstation Software (v. 
C.01.06). Based on repeated measurements of certified in-house stan-
dards (SCP Science EnviroMAT), the recovery of each metal was 
calculated. The recovery was generally high: 91–101% for V, Cu, As, Cr, 
Mn, Co, Ni, Zn and Mo, 110% for Fe and 75–78% for Cd and Pb. The 
recovery was different for Cd and Pb because they have been analysed in 
no gas mode while the other metals were analysed in He mode. 
Furthermore, each injection of the sample was measured three times, in 
order to estimate the Relative Standard Deviation (RSD) of each 

individual measurement. Standard deviations were mostly <5% and 
always <10%, except for a few measurements close to the DL (7 out of 
54 measurements). MDFL was calculated from the calibration curve 
with standard, of concentrations within the range of 0–100 μg L− 1. The 
DL was 0.05 μg L− 1 for all metals but Fe (0.5 μg L− 1) and Zn (10 μg L− 1). 
Samples with visible sand or debris that could not be removed (1 sam-
ple) as well as samples with a biomass of <0.002 g (2 samples outside 
the size class of 20–50 μm) were not included in the results. No samples 
in the size class of 20–50 μm could be analysed due to the low biomass 
on the filters. The final number of measurements each day were thus two 
for the 0.7–20 μm size class, 4–6 for the 50–200 μm size class and 11–12 
for the >200 μm size class. 

2.4. Data treatment 

For all size classes, the metal concentrations (mg kgdw
− 1) were calcu-

lated by dividing the concentrations in each sample by the dry weight 
(DW) of the sample. Bioaccumulation factors (L kgdw

− 1) were calculated as 
the ratio between metal concentrations in plankton (mg kgdw

− 1) and the 
metal concentrations in seawater (mg L− 1). Bioaccumulation factors 
(BAF) were calculated for the eight metals detected in the seawater. For 
the metals that were not detected in seawater (Fe, Co, As, and Cr), we 
used the detection limits to provide a low-end estimate of the bio-
accumulation factors. 

Statistical data analysis was performed using Excel and R (R Core 
Team, 2019). First, the metal concentrations in all plankton size frac-
tions were tested for differences between the two daily locations using t- 
tests. Then, the metal concentrations were tested for the differences 
between the size classes and between the days, using 1-way analysis of 
variance (ANOVA). When the variance was significantly different (F- 
tests), Welch t-tests were used for pairwise comparisons. When the 
normal distribution (Wilk & Shapiro tests) hypothesis was rejected, non- 
parametric tests (Wilcoxon) were carried out. There were no statistical 
differences between the metal concentrations in the >200 μm size class 
collected with the two different nets (200 μm net and pre-filtration from 
the 50 μm net - t-test; p > 0.5), hence these samples were pooled. 
Similarly, the metal concentrations were not significantly different be-
tween the two daily locations (t-test; p > 0.5) so these data were also 
pooled. 

When the measurements were below the detection limit in the 
plankton (which happened for Cd only, in 5 over 57 measurements), the 
detection limit was used, which did not affect the statistical significances 
of the tests. Finally, correlations between the concentrations of different 
metals in plankton were analysed using Pearson correlation analysis and 
a principal component analysis was carried out to detect potential 
clusters between the size classes and among the metals. 

3. Results & discussion 

3.1. Environmental parameters and plankton community structure 

The average temperatures and salinities were 30.7–31.5 ◦C and 
27–29 ppt, respectively, at the surface layer (Table 1). Nitrate and nitrite 
concentrations were low at all sampling days (≤0.31 μM and ≤0.01 μM 
respectively) and often below the detection limit, in contrast to phos-
phate and silicate concentrations. Phosphate concentrations (0.11–0.15 
μM) were less variable between the sampling days than silicate con-
centrations, which were also higher (3.9–9.6 μM). Total nitrogen (TN) 
was substantially higher than the sum of nitrate and nitrite, possibly due 
to high levels of organic nitrogen. The high silicate concentrations are 
typical of the non-upwelling season and could originate from the 
riverine input following the September–October floods (Binet and 
Marchal, 1993). DOC concentrations varied among the locations 
(61–113 μM) and days (57–113 μM) and were higher than typical 
tropical concentrations (60–70 μM; Ogawa and Tanoue, 2003), possibly 
due to the riverine input. 
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The average chlorophyll-a concentration varied from 0.86 to 1.13 μg 
L− 1 (Table 1), which was in accordance with the earlier data published 
in the area (Djagoua et al., 2011). The phytoplankton community was 
dominated by picoplankton (i.e. cells <2 μm) that contributed with 61 
± 17% of the chlorophyll-a, whereas the size fraction of 2–10 μm 
contributed with 26 ± 15% and the size fraction of >10 μm with 13 ±
6% of the chlorophyll-a (Paulsen et al., unpublished). Most protozoans 
in the samples were >20 μm. The 20–50 μm size fraction was dominated 
by protozoan grazers i.e. oligotrich ciliates and dinoflagellates (Gym-
nodinium/Gyrodinium), whereas the 50–200 μm size fraction was 
dominated by larger protozoans such as tintinnid ciliates Favella and 
Tintinnopsis fluviatile, large dinoflagellates Gyrodinium spirale and Pro-
toperidinium and the smaller developmental stages of copepods. The 
fraction >200 μm was dominated by different species of copepods such 
as Parvocalanus sp., Temora sp., Centropages sp., Oithona sp. and har-
pacticoid copepods. It thus appeared that the size fractions selected for 
metal analyses coarsely separated the three first trophic levels of the 
pelagic food web: the size fraction of 0.7–20 μm composed primarily of 
phytoplankton, the size fraction of 20–50 μm primarily of micro-
zooplankton, the size fraction of 50–200 μm primarily of large micro-
zooplankton and small life-stages of copepods and the >200 μm size 
fraction of copepods. 

3.2. Metals in seawater 

On average, the concentrations of metals in seawater ranged as Mo, 
Zn > V > Mn > Ni > Cu > Pb > Cd, both in molar and in mass con-
centrations, and were below the US Environmental Protection Agency 
(EPA) recommended standards for chronic exposure for aquatic life 
(Table 2). The concentrations of Mo were the highest but within the 
range commonly observed in estuaries (Smedley and Kinniburgh, 2017). 
Zn concentrations were highly variable both between the locations and 
between the days (3.6–21.6 μg L− 1), while the concentrations of other 
metals were not significantly different between the locations, and thus 
only varied between the days. There were no clear trends in metal 
concentrations between the days but V, Mn, and Mo concentrations were 
the lowest in the first day, whereas Cd and Pb concentrations were 

highest in the first day and Ni was highest in the second day. The con-
centrations of the other metals did not vary between the days. Ag was 
only detected on the last day, whereas Fe, Co, As, Hg and Cr were always 
below the detection limits of respectively 15, 2, 5, 0.5 and 2 μg L− 1. Also, 
Cd concentrations were often below the detection limit (Table 2). The 
concentrations below detection limit were rather due to high detection 
limits of the analysis than the absence of these metals in the seawater, 
because of the challenges associated with measuring ions in a seawater 
matrix. Particularly, our detection limit for Hg was too high to evaluate 
the possible contamination, as the concentrations measured in 
contaminated water from the Pra River basin of Ghana were typically 
orders of magnitude below our detection limit (Donkor et al., 2006). Pre- 
concentration of seawater samples might have provided detectable 
concentrations of some elements but as it is a tedious method prone to 
contamination, it was not employed in this study. 

Similar measurements of metal concentrations from the coastal wa-
ters of the Gulf of Guinea are only available for highly polluted areas 
such as the Lagos lagoon, where the concentrations of Co, Cu, Fe, Cr, Mn, 
Ni and Pb were one to several orders of magnitude higher than our 
observations (Okoye, 1991; Nubi et al., 2011). Zn was the only metal 
with comparable concentrations in our sampling area as in polluted 
areas. The elevated levels of Zn could have originated from industrial 
activities (metal mining and production, coal combustion) or waste 
incineration by the coast, or, together with Pb and Cd, could have been 
transported from the close-by Iture Estuary by the Guinea current. 
Indeed, the rank of abundance of these metals in our study area (Zn > Pb 
> Cd) was similar to the Iture Estuary, although the level of contami-
nation there is several times higher than in our study area (Fianko et al., 
2007). 

In general, metal concentrations in our study area were similar or 
higher than measured for coastal and surface waters from other regions. 
For instance, the concentrations of Cu, Pb and Ni were similar to, and the 
concentrations of V and Mn up to one order of magnitude higher than, 
the concentrations in the coastal waters of the Persian Gulf with its 
important oil industry (Jafarabadi et al., 2017). V and Ni are the two 
metals commonly found in crude oil in Ghana (Appenteng et al., 2012), 
and, together with Mn, could also originate from mining (Nriagu, 1992; 
Atiemo et al., 2011; Hadzi et al., 2018). Cd, Mn, Cu and Ni concentra-
tions were comparable to measurements from the Baltic Sea surface 
waters (Kremling and Streu, 2000) but Pb levels in our study area were 
an order of magnitude higher than in the Baltic Sea (Kremling and Streu, 
2000), which could be the result of the high atmospheric deposition in 
the Gulf of Guinea (1000 μg m− 2 year− 1; Nriagu, 1992). Indeed, an 
adjacent lagoon has also shown moderate Pb pollution (Bentum et al., 
2011). Finally, the concentrations of Cd, Ni and Pb were up to an order 
of magnitude higher than measured in the near-pristine North Austra-
lian Coast (Munksgaard and Parry, 2001). Our results thus demonstrate 
that the coastal waters of Ghana contain a fingerprint of oil industry and 
mining, although the concentrations of most metals were lower than in 
heavily polluted areas (Okoye, 1991; Nubi et al., 2011). 

Table 1 
Concentrations of nitrate, nitrite, phosphorus and silica (μM), dissolved organic 
carbon (DOC, μM) and total nitrogen (TN, μM), sea surface temperature (SST, 
◦C), salinity (S, ppt), pH and chlorophyll-a (mg m− 3) in the study area for each 
sampling day (mean ± SD, n = 2). (ND) Below detection limit. (− ) not measured.   

04.11.19 06.11.19 08.11.19 

NO2 ND 0.01 ± 0.01 0.01 ± 0.01 
NO3 0.31 ± 0.29 0.08 ± 0.08 ND 
PO4 0.11 ± 0.09 0.15 ± 0.04 0.14 ± 0.01 
SiO4 3.88 ± 0.24 9.62 ± 1.58 6.75 ± 2.48 
DOC 77.3 ± 15.3 84 ± 10.4 82.5 ± 24.0 
TN 8.15 ± 2.16 7.45 ± 1.34 6.63 ± 2.13 
pH – 8.2 ± 0.1 8.3 ± 0.3 
S – 27.0 ± 1.4 28.9 ± 1.6 
SST – 30.7 ± 1.9 31.5 ± 2.2 
Chlorophyll-a 1.13 ± 0.01 1.03 ± 0.18 0.86 ± 0.09  

Table 2 
Average metal concentrations in seawater (in μg L− 1) for each sampling day (mean ± SD), as well as the detection limits and the US EPA water quality criteria for 
continuous concentrations (CCC; criteria for chronic exposure, μg L− 1), except for Ag where the criteria is for the maximum concentration (acute exposure). (BDL) 
below detection limit. * one of the replicate below detection limit. (/) not available. The metals that were always below the detection limit are not included in the table.  

Day V Ni Cd Cu Mn Zn Pb Mo Ag 

04.11.19 0.930 ± 0.242 0.260 ± 0.108 0.016* 0.219 ± 0.126 0.534 ± 0.0304 8.16 ± 4.03 0.115 ± 0.007 7.84 ± 1.05 BDL 
06.11.19 1.56 ± 0.05 0.804 ± 0.121 0.012 ± 0.006 0.354 ± 0.057 0.926 ± 0.016 13.1 ± 12.0 0.074 ± 0.009 9.46 ± 0.61 BDL 
08.11.19 1.66 ± 0.03 0.288 ± 0.056 0.010* 0.280 ± 0.106 0.826 ± 0.041 5.12 ± 2.24 0.060 ± 0.019 9.59 ± 0.61 0.207 
Mean ± SD 1.39 ± 0.37 0.45 ± 0.28 0.012 ± 0.005 0.28 ± 0.10 0.76 ± 0.18 8.16 ± 6.78 0.083 ± 0.027 8.97 ± 1.07 0.207 
Detection limit 0.141 0.089 0.007 0.037 0.059 0.127 0.019 0.50 0.008 
US EPA CCC / 8.2 7.9 3.1 / 81 5.6 / 1.9  
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3.3. Metals in plankton 

3.3.1. Metal concentrations 
All monitored metals were detected in all plankton samples, except 

for Cd, which was below the detection limit in 5 out of 57 measurements 
and Hg, which was always below the detection limit. Some metals were 
observed in higher concentrations than others: Mn, Mo and Zn con-
centrations were up to 100 mg kg− 1 and Fe concentration exceeded 100 
mg kg− 1 in all size fractions. Maximum concentrations of V, Cr, Pb and 
As ranged from 20 to 40 mg kg− 1, whereas Ni, Cu, Co and Cd concen-
trations were always below 10 mg kg− 1 (Figs. 2 and 3). 

The metal concentrations in the smallest size class (0.7–20 μm) were 
generally lower than in the larger size classes (50–200 and >200 μm): In 
particular, the concentrations of Mo, Cu, Co, As, Cd and Pb were 
significantly lower in the 0.7–20 μm size class than in the other two size 
classes (t-test and Wilcoxon test; p < 0.05). An exception to this pattern 
was Ni, with similar concentrations in all size classes. This could have 
been related to the low nutrient levels in the study area that could have 
reduced Ni uptake by algae and transfer to marine copepods (Wang 
et al., 2007). The concentrations between the 50–200 and >200 μm size 
classes were not significantly different for any metal but Mo (Wilcoxon 
tests; p < 0.001), suggesting that plankton in both 50–200 and >200 μm 
size classes were feeding on the same size class of 0.7–20 μm. 

No other studies have measured the metal contamination of plankton 

in the Gulf of Guinea. However, metal concentrations in plankton have 
been measured in other tropical environments such as Guanaray Bay in 
Southeast Brazil, which is also affected by domestic and industrial 
pollution (Kehrig et al., 2009). Kehrig et al. (2009) measured compa-
rable or higher concentrations of Cd, Cu and Pb in seston (1.2–70 μm) as 
compared to our smallest size class (0.7–20 μm), but one to two orders of 
magnitude lower concentrations in plankton >70 μm, as compared to 
our larger size classes (>50 μm). Similarly, the concentrations of metals 
measured in seston (>0.7 μm) from the coastal inlets of Singapore by 
Calbet et al. (2016) were higher (As, Co, Cu, Mn and Pb; sometimes up to 
several orders of magnitude) or comparable (Fe, V) to the smallest size 
class in our samples, while the concentrations in plankton >100 μm 
were an order of magnitude lower (As, Cd, Fe, Mn and V) or comparable 
(Cu, Pb) to the larger size classes in our samples. In addition, Calbet et al. 
(2016) also found stable concentrations of Ni between the size classes. 
The concentrations of Fe, Mn and Zn, which showed the highest con-
centrations in plankton >50 μm, were in the same order of magnitude 
than measured in plankton >200 μm by Villagran et al. (2019) in a 
heavily impacted estuary in Argentina. Our measurements thus indicate 
a contamination of plankton >50 μm comparable or higher than found 
in other contaminated tropical areas. 

With the exception of As and Cu, metal concentrations in the larger 
size classes were more variable between the days than the concentra-
tions in seawater or in the smallest size fraction, and did not always 

Fig. 2. Concentrations of essential metals in the three size classes of plankton for each sampling day (mg kgdw
− 1). The boxes include 50% of the measurements and the 

whiskers extend to 25% of the box ranges. Values outside this range are considered as outliers (red points); median values are represented by the black horizontal 
lines in the boxes (Wickham, 2009). (SC) size class. Note different scales of the y axis. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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follow the same trends in daily variation. Thus, Fe, V, Mn, Co, Ni, Zn, Cr 
were higher on the last sampling day while concentrations of Mo and Cd 
were lower in the last sampling day (t-test and Wilcoxon tests; p < 0.05) 
and Pb varied between all days (Wilcoxon tests, p < 0.05). The metal 
associations were thus different between the smallest size class and the 
two larger size classes (PCA analysis; Fig. 4). In general, V, Ni, Mn, Cr, Co 
and Fe were significantly positively correlated in large size fractions 
(Pearson correlation analysis; p < 0.05, Table S2, Fig. S2), whereas Mo, 
Cd and Pb were negatively or not at all correlated to the other metals 
(Pearson correlation analysis; p < 0.05, Table S2). In fact, Cd behaved 
differently from the other metals in all size fractions, but the difference 
to the other metals increased from small to large size classes. The small 
contribution of Pb to the principal components in the larger size classes 
illustrated its high variability and poor correlation to the other metals. A 
high correlation between different metals could indicate a common 
source, while the differences in metal associations between the size 
fractions could result from different metabolic needs for metals, 
different pathways of metal ingestion and accumulation, or reflect a 
longer term bioaccumulation of metals in the larger size classes which 
generally have longer generation times. 

3.3.2. Metal bioaccumulation 
All metals accumulated in plankton to a factor of at least 103 L kgdw

− 1, 
except for the smallest size class in Mo (Fig. 5). 

Fe and Pb had the highest bioaccumulation factors (BAFs), closely 
followed by Cd and Mn, irrespective of the size class. Although the exact 
BAFs for Fe, Co, As and Cr could not be calculated since the concen-
trations in seawater were below the detection limit, Fe was clearly the 
most accumulated metal as the low-end estimate of the BAF (see 
methods) was larger than that of any other metal (105–106 L kgdw

− 1). 
Similarly, the BAFs for Cr, As and Co were higher than, respectively, 
103.5, 103 and 102.5 L kgdw

− 1 (Fig. 5). In the smallest size class, the average 
BAF of Pb, Mn and Cd was ≥104.3 L kgdw

− 1, and the metal BAFs ranked as 
Fe, Pb, Mn > Cd > Ni > V, Cu > Mo. BAFs of different metals in the two 

larger size classes were similar, with the average BAFs of Pb, Mn, Cd and 
Cu ≥ 104.5 L kgdw

− 1, and the rank order of Fe > Pb > Mn,Cd > Cu > Zn >
Ni > V > Mo. On average, the different metals (with the exception of Cu) 
thus seemed to bioaccumulate in a similar order in all plankton size 
fractions, and two out of three of the non-essential metals (Cd, Pb) 
ranked in the group of most bioaccumulated metals. In general, the 
bioaccumulation was always lower in the smallest size class (with the 
exception of Ni), and up to an order of magnitude lower with Cu and Mo 
(Fig. 5), indicating biomagnification from the smallest to the larger size 
fractions for most metals. However, metal concentrations in fish (Cd, 
Mn, Ni, As, Pb, Cu, Fe, Cr, Zn, Pb) from the Gulf of Guinea reported by 
Bandowe et al. (2014) and Quarcoo et al. (2015) were lower than our 
measurements for the metal concentrations in plankton. This suggests 
that irrespective of the biomagnification in plankton, these metals do 
not biomagnify in the higher trophic levels of the food web, although 
plankton remain a vector of contamination. 

Calbet et al. (2016) observed a similar rank order of metal accu-
mulation both in seston and plankton >100 μm than in our study with 
biomagnification factors (BMFs) ≥ 1 for Pb, Fe, Cu, Mn, V, Ni and As. In 
contrast, Chouvelon et al. (2019) did not report any biomagnification 
between 6–60 μm and >60 μm plankton size classes (BMFs ≤ 1 for Co, 
Ni, Cu and Pb) in the Mediterranean Sea. Although the size fractionation 
was slightly different between the studies of Calbet et al. (2016), 
Chouvelon et al. (2019) and the present study, this alone was unlikely to 
explain the differences. 

However, temperature is likely to be an important factor for bio-
accumulation processes. For example, a high temperature could accel-
erate the metabolisms of micro- and mesoplankton, which could 
enhance the ingestion and assimilation rates and thus metal uptake and 
assimilation in tropical areas such as the present study and that of Calbet 
et al. (2016). High temperatures also increase depuration rates but this is 
unlikely to counteract the higher metal uptake because the retention 
efficiency is typically high in copepods (Reinfelder and Fisher, 1991; 
Fisher et al., 1991) due to e.g. adsorption in the gut (Kadiene et al., 

Fig. 3. Concentrations of non-essential metals in the three size classes of plankton for each sampling day (mg kgdw
− 1). Abbreviations as in Fig. 2. Note the different 

scales of the y axis. 

Fig. 4. Metal concentration clusters revealed by the PCA analysis and their contribution to the principal components (Dim1, Dim2) for the three plankton size 
fractions. The percentage indicated next to each principal component represents the proportion of the dataset variability explained by this principal component. 
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2019). For example, high temperatures and low salinities have been 
shown to favor cadmium accumulation in the copepod Acartia tonsa 
(Pavlaki et al., 2017). Other plankton traits such as feeding behavior 
(Battuello et al., 2017) or lipid content (Tjälve and Gottofrey, 1991) 
could influence the concentrations of metals in large size fractions of 
plankton through their effect on, respectively, dietary uptake and 
accumulation of metals. For example, metals taken up by the water and 
through the diet have different depuration rates, resulting in different 
metal accumulation efficiency in the copepods (Wang and Fisher, 1998; 
Kadiene et al., 2019). Also, if the metals accumulate in easily digestible 
parts of the prey (0.7–20 μm size fraction), they are more efficiently 
assimilated by the predators (50–200 and >200 μm; Reinfelder and 
Fisher, 1991). The differences in bioaccumulation between areas could 
thus reflect differences in environmental conditions as well as species 
composition and associated properties (traits) of the plankton commu-
nities. Given the numerous mechanisms impacting bioaccumulation, 
controlled laboratory experiments are needed to elucidate the role of the 
plankton traits and environmental conditions in the resulting 
bioaccumulation. 

4. Conclusion 

Our results demonstrated an efficient bioaccumulation of all metals 
in all size fractions of plankton, particularly of Fe, Pb, Mn, Cd and Zn. As 
a result, the concentrations of As, Cd, Cu, Pb, Fe, Mn and V in the size 
fractions >50 μm exceeded the concentrations measured in other trop-
ical marine ecosystems. The reasons for the high bioaccumulation of Fe 
and Pb are of particular concern, since the BAFs for these metals greatly 
exceeded any previous estimates. Whether the high bioaccumulation of 
metals in the coast of Ghana is due to the properties of plankton com-
munity or environmental factors in the study area, or something else, 
remains to be investigated. 

In addition, the concentrations of As, Cd, Pb, Co Mo and Cu signifi-
cantly increased from the smallest to the larger size fractions. Since the 
majority of the size class of 0.7–20 μm consisted of phytoplankton, and 
the majority of the larger size classes of protozoans and copepods, this 
indicated a potential biomagnification from phytoplankton to 
zooplankton. Whether the biomagnification will also apply for the next 
trophic level (fish) remains to be investigated. Nevertheless, the efficient 
bioaccumulation represents a risk of seafood contamination in a region 
where the local population relies on it for food and income. The intro-
duction of As, Cd and Pb into the food chain is particularly problematic 

as these metals are highly toxic. Monitoring and reducing pollution in 
the coastal waters of the Gulf of Guinea is thus important for the sus-
tainable development of the area, in line with the Sustainable Devel-
opment Goal #14. 
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