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resumo 
 

 

O crescimento populacional em Cabo Delgado, a província mais a Norte de 
Moçambique, tem gerado um aumento da exploração dos recursos marinhos 
pelas comunidades costeiras. Como tal, tem-se verificado um declínio na 
abundância dos recursos pesqueiros e a degradação dos ecossistemas 
costeiros. Para possibilitar o restauro dos habitats marinhos deteriorados têm 
sido criadas áreas marinhas protegidas geridas pelas comunidades locais 
(LMMA). Devido à exploração limitada dos recursos dentro destas áreas, a 
implementação de projetos de aquacultura comunitária surge como uma 
medida compensatória promissora. Neste estudo foi analisado o potencial da 
ostra Saccostrea cucullata e do mexilhão Modiolus philippinarum para 
integrarem produções de aquacultura comunitária em duas aldeias de Cabo 
Delgado onde as LMMA já foram criadas, Mecúfi e Metuge. Para garantir a 
qualidade anual de ostras e mexilhões futuramente produzidos, foram 
estudadas variações sazonais (estação seca vs. chuvosa) na sua 
contaminação por um poluente persistente (mercúrio) e um poluente 
emergente (microplásticos) e nas suas reservas nutricionais (lípidos, açúcares 
e proteínas). Verificou-se que ambos os bivalves se encontravam adequados 
ao consumo humano durante as épocas seca e chuvosa. Contudo, as ostras e 
os mexilhões apresentaram valores nutricionais mais altos e níveis de 
poluentes mais baixos (mercúrio e microplásticos) durante a época seca. 
Adicionalmente, testaram-se diferentes métodos tradicionais de preservação 
de alimentos para identificar a metodologia mais eficiente na prevenção e 
retardamento da deterioração dos bivalves e da perda das suas qualidades 
nutricionais. A salga foi o método artesanal que mais eficazmente preveniu a 
proliferação de microrganismos e que melhor conservou o conteúdo proteico 
das ostras e dos mexilhões. Por último, implementou-se um projeto de 
aquacultura comunitária de M. philippinarum em Mecúfi e em Metuge em 
conjunto com as mulheres das aldeias. Após um período de seis meses, os 
mexilhões cultivados em Metuge apresentaram um maior incremento do 
tamanho da concha e do peso, assim como uma menor contaminação por 
microplásticos e um maior conteúdo nutricional que os mexilhões cultivados 
em Mecúfi, o que indica que um projeto de aquacultura comunitária de M. 
philippinarum seria melhor sucedido se implementado em Metuge. Contudo, 
para permitir a implementação de uma produção de M. philippinarum através 
de aquacultura comunitária em Mecúfi, sugere-se que seja selecionado um 
local mais propício ao desenvolvimento do mexilhão nas redondezas da aldeia.  
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abstract 

 
Population growth in Cabo Delgado, the northern province of Mozambique, has 
pushed coastal communities to increase marine resources exploitation to 
ensure their livelihoods. This has led to a decline of marine resources stocks 
and to a degradation of coastal ecosystems. To help restoring marine habitats, 
Locally Managed Marine Areas (LMMA) have been established in Cabo 
Delgado coastal villages and community-based aquaculture projects have been 
pointed out as one of the promising measures compensating for the limited 
resources exploitation inside LMMA. In this study we analysed two bivalve 
species, Saccostrea cucullata oysters and Modiolus philippinarum mussels and 
their potential for community-based aquaculture in two villages of Cabo 
Delgado where LMMA have been established, Mecúfi and Metuge. To assess 
the suitability for human consumption of future aquaculture-produced oysters 
and mussels throughout the whole year, we studied oysters and mussels’ 
seasonal variations (dry vs. wet season) of a persistent (mercury) and 
emerging pollutants (microplastics) contamination as well as their nutritional 
reserves (lipids, sugars and proteins). We verified that both oysters and 
mussels were proper for human consumption during dry and wet seasons. 
However, oysters and mussels had higher nutrient contents and less pollutants 
(mercury and microplastics) contamination during dry season. Additionally, we 
tested distinct traditional preservation methods to identify the technique that 
best prevented bivalves’ spoilage and loss of their nutrient qualities. Dry salting 
was the artisanal preservation method that more efficiently prevented microbial 
growth and that best kept protein nutritional qualities of oysters and mussels. 
Finally, we implemented a community-based aquaculture of M. philippinarum in 
Mecúfi and Metuge with women villagers. After a six-month period, we verified 
that mussels grown in Metuge had higher shell and weight increment, less 
microplastics contamination and higher nutritional content than mussels grown 
in Mecúfi. So, a community-based aquaculture of M. philippinarum mussels 
might be better succeeded if installed in Metuge. Nevertheless, we suggest that 
a different location nearby the village of Mecúfi should be selected to develop a 
community-based aquaculture of M. philippinarum. 
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1. General introduction 
 

Population in Mozambique has been growing in the last decades and projections for 2050 predict 

that this trend will continue (INE, 2020a). In the last four decades, Mozambique population more than 

doubled, increasing from 12.1 million people in 1980 to 27.9 million people in 2017 (INE, 2020b). In 

Cabo Delgado, the northern province of Mozambique, the trend has been the same. Here, the 

population reached more than 2 million people in 2017 (INE, 2020c), representing 8.1% of the total 

population living in Mozambique in that year. Population growth implied a higher food requirement 

which in a rural and poor region like Cabo Delgado (INE, 2020c) is not easy to ensure. To fight 

hunger, coastal communities in Cabo Delgado had increased marine resources exploitation using 

unsustainable practices, leading to stocks depletion and damage of coastal marine ecosystems 

(Rosendo et al., 2020). 

Aquaculture emerges as a solution that enables coastal communities to ensure their livelihoods by 

keeping exploring and consuming marine resources and at the same time allowing the recovery of 

depleted coastal ecosystems resources (Ateweberhan et al., 2014; Rosendo et al., 2020). 

Community-based aquaculture practices have expanded in recent years throughout tropical and 

subtropical coastal developing countries (Ateweberhan et al., 2014; Gaertner et al., 2020).  

Community-based aquaculture is managed by a community group using extensive and low-

technological methods (Ananth et al., 2014), ensuring that coastal communities have the rights of 

fishing resources they explore and at the same time they are part of this sustainable marine resource 

management (Rosendo et al., 2020). The fact that the production methods are low-technological and 

extensive simplifies the implementation of community-based aquaculture in different locations and 

reduces negative impacts on coastal ecosystems (Ananth et al., 2014; Ateweberhan et al., 2014). 

Moreover, local materials are preferentially used to build structures required for community-based 

aquaculture and native species are favourably cultivated.  

Bivalves are explored and consumed by Cabo Delgado coastal communities (Fernando et al., 2012), 

and they are nutritious foods advisable to include in a healthy diet (Cruz-Romero et al., 2008). Bivalve 

community-based aquaculture alleviates the pressure on wild stocks and provides a source of protein 

to people integrating the lowest socioeconomic status (women and children) in Cabo Delgado. In 

fact, the staple diet of women and children in Cabo Delgado is rich in starches like xima (maize meal) 

and cassava, which provides them low protein and mineral levels (Lusambili et al., 2020). Besides, 

men are usually fed first than women and children due to socio-cultural beliefs (Lusambili et al., 

2020). So, a community-based aquaculture of bivalves leaded by women in the North of Mozambique 

would provide them a reliable source of income and a protein-rich food that would enable the 

diversification of women and their children livelihoods. Here we studied the rock oyster Saccostrea 

cucullata and the brown mussel Modiolus philippinarum. The rock oyster S. cucullata is broadly 

distributed in the Indo-Pacific and subtropics, occurring from East Africa to the Pacific Islands 
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(Kalyanasundaram & Ramamoorthi, 1987). It inhabits mainly in the upper eulittoral zones (Hartnoll, 

1976) of marine and brackish ecosystems, where it settles on rocks, mangrove prop roots and on 

other hard substrates (e.g., jetties) (Singh, 2019). The brown mussel M. philippinarum is also an 

Indo-Pacific species, however it is distributed as well in the Red Sea and South and East China Seas 

(Rajagopal et al., 1999). This mussel species is a tropical mytilid that uses its byssus to attach to a 

rocky substrate in the intertidal or to sediment particles and seagrass roots, potentially forming 

extensive beds (Ozawa, 2001; Savazzi, 1989). Both bivalve species are consumed in the villages of 

Mecúfi and Metuge where our work took place.  

Oysters and mussels are filter-feeder bivalves that can remarkably accumulate heavy metals and 

other persistent pollutants (Naimo, 1995). During their feeding activity, bivalves filter large amounts 

of water to remove particulate matter from it, contacting with many potential metals present in the 

water (Ciutat & Boudou, 2003). So, metal concentrations in bivalves body tissues can be 1000 times 

higher than in the surrounding water (Naimo, 1995). Mercury can reach coastal waters through 

natural (e.g., volcanic and hydrothermal activity) and anthropogenic sources (e.g., industry wastes) 

(Saniewska et al., 2014; Stoffers et al., 1999). This heavy metal bioaccumulates with trophic level 

increase and fish and seafood (bivalves) consumption are the most common source of mercury 

poisoning to humans (Saniewska et al., 2014), causing damages in the gastrointestinal tract, in the 

kidneys and in the neurological system (Andersen et al., 1993; Park & Zheng, 2012; Wheatley et al., 

1979).  

Other broadly distributed pollutants of concern are microplastics. Microplastics are plastic debris < 

5mm that can be derived from the breakdown of larger plastic pieces or they can enter our 

ecosystems already assuming these small proportions (Peixoto et al., 2019; Strungaru et al., 2019). 

The greatest number of plastics in marine ecosystems reached these natural environments already 

in the form of microplastics (Peixoto et al., 2019) like spheres, pellets, irregular fragments and fibres 

(Wright et al., 2013). Bivalves have great exposure risk to microplastics due to their filter-feeding 

mechanism (Li et al., 2015; Wright et al., 2013). Consequently, and because we consume the whole-

body tissue of these organisms, they might be a pathway to human exposure of microplastics (Thiele 

et al., 2019). It has been shown that microplastics can have potential negative impacts in human’s 

health since they can alter metabolic mechanisms as well as cause oxidative stress, cell apoptosis 

and inflammatory responses (Brown et al., 2001; Inkielewicz-Stepniak et al., 2018; Mahadevan & 

Valiyaveettil, 2021; Mahler et al., 2012). Besides, heavy metals have been used as plastic additives 

(Hahladakis et al., 2018). Barboza et al. (2018) have shown an increased mercury bioconcentration 

and bioaccumulation in Dicentrarchus labrax organs due to higher microplastics contamination. So, 

microplastics can be a pathway of human exposure to harmful chemicals, namely heavy metals 

(Barboza et al., 2018). 

That said, the present work aimed to verify if S. cucullata oysters and M. philippinarum mussels 

collected and aquaculture-produced in Cabo Delgado coastal villages were proper for human 

consumption.  
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In the second chapter, we assessed if seasonality affected the suitability and nutritional quality of S. 

cucullata oysters and M. philippinarum mussels collected in Cabo Delgado. Bivalve field sampling 

was performed in two different seasons (dry and wet) to evaluate seasonal changes on two 

contaminants (mercury and microplastics) burden in oysters and mussels as well as their constitution 

in the three major energetic reserves (lipids, sugars and proteins) and oxidative damage (lipid 

peroxidation).  

Moreover, it was important to ensure that bivalves produced by community-based aquaculture could 

be efficiently preserved for longer periods of time after being collected. So, in the third chapter, we 

tested different traditional preservation methods to preserve oysters and mussels: salting, smoking 

and sun-drying. These methods are used by coastal communities of Cabo Delgado to preserve fish 

and seafood (Souto, 2015) since only 19% of the population living in this region of Mozambique has 

access to electricity (INE, 2020c). This lack of access to electricity in the majority of Cabo Delgado 

population unable the preservation of alimentary products using refrigerators and freezers. So, it was 

relevant to evaluate which of the traditional preservation methods studied more effectively conserved 

oysters and mussels’ nutritional quality and prevented them to be spoiled. To verify this, oysters and 

mussels’ energetic reserves (lipid, sugar and protein content) and microbial contamination were 

assessed.  

This work is part of Our Sea Our Life (OSOL) project coordinated by the Zoological Society of 

London. One of the aims of OSOL project is to establish Locally Managed Marine Areas (LMMA) 

(Rosendo et al., 2020).  LMMA are marine protect areas where fishing practices are managed by 

local coastal communities to ensure their livelihoods in a way that also allow the recovery of depleted 

resources and degraded ecosystems (Rosendo et al., 2020). One of the measures compensating for 

the LMMA establishment is community-based aquaculture (Rosendo et al., 2020) since it gives an 

alternative to explore marine resources while LMMA are recovering their biodiversity values. In the 

fourth chapter, we analysed the implementation of a non-fed community-based aquaculture of M. 

philippinarum mussels in Mecúfi and Metuge, two villages of Cabo Delgado where LMMA were 

created. We chose to develop a community-based aquaculture only with M. philippinarum mussel 

instead of producing S. cucullata oyster as well because mussel seeds are easier to collect compared 

to encrusted oysters. M. philippinarum community-based aquaculture was developed with women 

villagers and it aimed to verify the viability of this bivalve species production in two coastal villages, 

Mecúfi and Metuge.  
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2. Seasonal variations of pollutants contamination (mercury and microplastics) and nutrient 

reserves of Saccostrea cucullata oysters and Modiolus philippinarum mussels in the 

North of Mozambique 

 

2.1 Introduction 

Seasonality of the dry and wet seasons can affect physical, chemical and biological processes in 

coastal marine ecosystems (McClanahan, 1988), as well as concentrations of contaminants, such 

as heavy metals (Barua et al., 2011; Mtanga & Machiwa, 2007). Such alterations greatly affect marine 

organisms that inhabit these ecosystems and might compromise the harvest of some species for 

human consumption (Lipp et al., 2001; Rajeshkumar et al., 2018). Seasonal variations of persistent 

and emerging pollutants have been described in coastal ecosystems (Barua et al., 2011; Cheung et 

al., 2016; Mtanga & Machiwa, 2007). Mercury is among one of the major persistent pollutants that 

reaches coastal zones mainly through rivers due to the intensive inland anthropogenic activities 

(Saniewska et al., 2014) or because of geological settings that might exist in coastal zones, like 

tectonic, volcanic and hydrothermal activity (Stoffers et al., 1999). Mercury tends to mostly 

accumulate in coastal areas instead of reaching off-shore waters and its concentration in gulfs and 

bays can be multiple times higher than in off-shore waters (Horvat et al., 2003; Laurier et al., 2004; 

Saniewska et al., 2014). Rainfall has been associated with higher abundance of anthropogenic debris 

and pollutants in coastal zones since it increases their transport by surface run-off into streams and 

rivers (Araújo & Costa, 2007; Barua et al., 2011). In regions with different seasonal precipitation 

patterns, during wet season there are more rainfall and stream flow than during dry season (Ríos‐

Touma et al., 2011; Zhang et al., 2007). In tropical areas, higher river discharges into coastal 

environments during wet season due to heavy rainfall can affect heavy metals concentration in these 

ecosystems (Barua et al., 2011).  

Coastal waters have also been identified as a major sink of emerging contaminants, such as 

microplastics from inland activities (Cheung et al., 2016), most of them carried out by rivers (Lebreton 

et al., 2017). Microplastics in sediments tend to be significantly higher than in the water column 

(Scherer et al., 2020), affecting organisms differently depending on their habitat. Due to their density, 

size, and shape, microplastic levels in both water and sediments are likely to change from dry to wet 

seasons (Oni et al., 2020).  In fact, in tropical environments it has been detected an increase of 

microplastics pollution during wet season in coastal waters because of higher surface run-off and 

drainage of this debris into rivers due to intense rainfall (Cheung et al., 2016; Lima et al., 2014; Moore 

et al., 2002).  

Bivalves are filter feeders present in coastal ecosystems that can accumulate large amounts of 

mercury (Naimo, 1995; Sajwan et al., 2008) and microplastics in their body tissues (Li et al., 2015; 

Wright et al., 2013), pollutants that can suffer seasonal variations in coastal ecosystems. Biochemical 

composition of bivalve molluscs can also change seasonally (Costa et al., 2020; Mitra et al., 2008; 
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Topić Popović et al., 2020) due to: physiological conditions, depending on the reproductive cycle and 

food availability; environmental parameters like salinity and temperature; contaminants pollution like 

heavy metals and microplastics (Bour et al., 2018; Jana et al., 2013; Paul et al., 2021; Widdows, 

1978). In Cabo Delgado province, the northern region of Mozambique, bivalves are collected and 

consumed mainly in coastal villages (Fernando et al., 2012). This region has a Tropical Savanna 

climate according to Köppen’s classification and it has two distinct seasons: the dry season (May-

November) and the wet season (December-April) (Pemba Climate: Temperature, Climograph and 

Climate Table for Pemba – Climate-Data.org, n.d.; Rrokaj & Corti, 2019).  

In the present work, we evaluated the levels of mercury (persistent pollutant) and microplastics 

(emerging contaminant) in two valuable species of bivalves consumed in Cabo Delgado province, 

Saccostrea cucullata oyster and Modiolus philippinarum mussel, during 2019 dry season and 2020 

wet season. The biochemical composition was also evaluated to infer about their health and 

nutritional values. Our working hypothesis is that seasons affect bivalves’ exposure to contamination, 

contaminants accumulation levels and biochemical composition, and therefore their consumption 

suitability and quality. 

 

2.2 Materials and methods 

 

2.2.1 Study area 

This study was carried out in the villages of Mecúfi (-13.289695 S, 40.566257 E) and Metuge (-

12.971234 S, 40.414297 E) in Cabo Delgado province in the North coast of Mozambique. The study 

site in Mecúfi was next to a mangrove forest and a river estuary in the seacoast. In Metuge, the study 

site was inside Pemba Bay, also next to a mangrove forest. 

 

2.2.2 Sampling procedure 

Sampling occurred in September 2019 (dry season) and March 2020 (wet season). M. philippinarum 

mussels were collected in the seacoast nearby Mecúfi and S. cucullata oysters were collected from 

an oyster bank near Metuge. Organisms were stored at -20 °C to evaluate mercury and microplastics 

levels, and to address organisms’ biochemical composition (i.e., oxidative damage via lipid 

peroxidation; energetic reserves via lipid, sugar and protein contents). 

Physicochemical seawater parameters (i.e., water oxygen, temperature, pH, salinity and 

conductivity) were measured in situ during sampling, using a digital multiparameter (WTW 2FD460 

Multi 3420). 
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2.2.3 Mercury quantification 

Total mercury (μg/g wet weight) was quantified in oysters (n=10 per season) and mussels (n=10 from 

dry season and n=5 from wet season) collected from Mecúfi and Metuge by atomic absorption 

spectrophotometry using an Advanced Mercury Analyser (AMA) LECO 254. The analytical procedure 

based on thermal decomposition (Costley et al., 2000) followed the adaptations developed by 

Cabecinhas et al. (2015) and Vieira et al. (2015): drying time of 60 s, decomposition time of 150 s 

and waiting time of 45 s. 

At the beginning and between samples blanks were performed until values obtained were less than 

0.02 ng of Hg (equipment detection limit) to internally clean the analyser. Two certified reference 

materials (NRC TORT-3 Lobster hepatopancreas, and NRC DOLT-5 Fish liver) were also 

intercalated with samples to assess the accuracy of the data. 

 

2.2.4 Microplastics extraction and quantification from biological tissues 

S. cucullata (n=10 per season) and M. philippinarum (n=10 from dry season and n=5 from wet 

season) were prepared for microplastics extraction and quantification (microplastic particles/g wet 

weight). Extraction of microplastics from whole organisms followed the adapted KOH digestion 

protocol described by Thiele et al., (2019), with minor adjustments.  

Briefly, defrosted soft tissues were removed from shells, placed in glass containers and digested with 

10% KOH (EMSURE®; w/v, 3× tissue volume, ≈30 ml), and incubated without agitation at 50 °C for 

up to 96h. Afterwards, digestates were neutralised with 1M citric acid solution (ITW Reagents), gently 

swirled and immediately vacuum-filtered onto glass microfiber filters (0.7 μm pore size,  47 mm, 

Ahlstrom-Munksjö). For microplastic quantification, each filter was stained with Nile Red (10 g NR 

per mL of ethanol, N-3013, Sigma Aldrich) for 3 minutes, filters were then thoroughly rinsed with 

filtered ultrapure water, stored in glass petri-dishes and allowed to dry at room temperature for 48h. 

Dried filters were photographed (Nikon D500, AF-S nikkor 18–55 mm, F5.6, ISO 100, exposure time 

varied according to the lightness needed) under visible light (blue light, 450nm, SPEX Forensics, 

U.S.A.) using an orange filter (Standard ProMaster® Orange Filter). Microplastic debris present in 

the filters were quantified by individually counting microplastic particles on the images using the 

freeware ImageJ (version 1.52K, National Institute of Health, U.S.A.). Only particles revealing a clear 

fluorescence on a red colour range under blue light were considered microplastics (see Figure S1). 

Contamination control measures included the use of 100% cotton clothing. Glassware was acid 

washed and pre-cleaned with ultrapure water before use. Whenever possible, samples were covered 

with aluminium foil and work was performed in a fume hood. Airborne contamination was assessed 

by applying laboratory blanks composed of cleaned petri dishes filled with ultrapure water in each 

laboratory room used for the analysis and we also used blanks (to assess cross-contamination) 
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composed of glass tubes with 10% KOH and without any biological sample that were submitted to 

the whole procedure of microplastics extraction. 

  

2.2.5 Oxidative damage and energy-related biomarkers analysis 

 

2.2.5.1 Sample preparation 

Tissue from oysters (n=10 per season) and mussels (n=10 from dry season and n=5 from wet 

season) were individually homogenised on ice using 4ml of ultra-pure water, using the sonicator 

(pulsed mode 80%, output control 1, 250 Sonifier, Branson Ultrasonics). Oysters and mussels were 

homogenised during 160 and 80 pulses, respectively. From each sample, two aliquots were taken 

for the analysis of lipid, sugar and protein contents. One aliquot containing 4% butylated 

hydroxytoluene (BHT) in methanol was used to determine lipid peroxidation (LPO).  

All biomarkers determinations were performed spectrophotometrically, in micro-assays set up in 96 

well flat-bottom plates, with the Microplate reader MultiSkan Spectrum (Thermo Fisher Scientific, 

USA) (Rodrigues et al., 2015; Silvestre et al., 2021).  

 

2.2.5.2 Lipid peroxidation  

Endogenous lipid peroxidation (LPO) was determined by measuring thiobarbituric acid-reactive 

substances (TBARS) at 535 nm (nmol TBARS/g wet weight) (Bird & Draper, 1984). Experimental 

blanks were run simultaneously, i.e. experimental solution and ultra-pure water instead of bivalve 

sample. 

 

2.2.5.3 Energetic reserves 

Lipid, sugar, and protein content (mJ/mg wet weight) was determined using the methods described 

by De Coen & Janssen (1997) with slight modifications for microplate (Rodrigues et al., 2015).  

The total lipid content of each organism was determined by adding chloroform, methanol and ultra-

pure water in a 2:2:1 proportion. After centrifugation, the organic phase of each sample was 

transferred to clean glass tubes and H2SO4 was added before incubation for 15 min at 200 ºC. 

Tripalmitin was used as a lipid standard, and absorbance was measured at 375 nm. 

Prior to total carbohydrates and protein quantification, it was required to do a samples’ pre-treatment. 

After adding 15% TCA (Trichloroacetic acid) to the samples, they were incubated at -20 ºC for 10 

min. After a 10 min centrifugation the supernatant was transferred to a clean eppendorf and used for 

carbohydrates quantification. The pellet was resuspended using NaOH and then samples were 

heated up to 60 ºC for 30 min. Using HCl, samples were neutralised and used for protein content 
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quantification. Carbohydrates quantification was performed by adding 5% phenol and H2SO4 to the 

pre-treatment samples in glass tubes, with glucose as a standard. Absorbance was read at 492 nm. 

For total protein content quantification Bradford’s method (Bradford, 1976) was used. Absorbance 

was measured at 520 nm and we used bovine serum albumin as a standard.  

Fractions of energy available were converted into energetic equivalent values using the 

corresponding energy of combustion: 39500 mJ/ g lipid, 17500 mJ/ g glycogen, 24000 mJ/ g protein 

(Gnaiger, 1983). 

 

2.2.6 Data analysis 

Differences between oysters dry and wet season and mussels dry and wet season regarding 

mercury, microplastics and biomarkers were analysed by Independent-Samples t-test with a 

significance level of 5%. Shapiro-Wilk test was used to verify if our data followed a normal distribution. 

When this assumption was not fulfilled, we performed a Mann-Whitney non-parametric test. All these 

procedures were conducted using IBM SPSS Statistics 25. Original sample size was ten in all 

analyses, however we considered outliers values that fell out of the interval mean ± 2*standard 

deviation, so sample size varied between nine and ten. Nevertheless, concerning data from mussels 

of the wet season sample size was only five in all the analyses performed (mercury, microplastics 

and biomarkers) due to transportation and methodological constraints. 

We also performed a Principal Component Analysis (PCA) for oysters and mussels to verify which 

of the studied variables contributed the most to data segregation between dry and wet season of 

these two organisms. This analysis was developed in R (R Core Team, 2020), using the package 

ggbiplot. For graphical representations we used PC1 (x axis) and PC2 (y axis). 

 

2.3. Results 

 

2.3.1 Physicochemical water parameters 

Physicochemical seawater parameters measured in Mecúfi and Metuge during 2019 dry season 

(September) and 2020 wet season (March) are presented in Table 1. We verified few differences 

between seawater physicochemical properties in dry and wet seasons. In both locations, oxygen was 

slightly lower during wet season than during dry season. Temperature between dry and wet seasons 

was similar in Metuge and it increased in Mecúfi. Seawater pH was similar between dry and wet 

seasons in both locations and salinity and conductivity were lower in wet season than in dry season 

in Metuge and in Mecúfi. 
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Table 1. Physicochemical seawater parameters in Mecúfi and Metuge in September 2019 (dry 

season) and March 2020 (wet season). 

 Metuge Mecúfi 
 September 2019  March 2020  September 2019 March 2020  

Oxygen (mg/l) 8.00 (106.6%) 7.74 (102.5%) 8.43 (108.1%) 8.29 (109.1%) 
Temperature (°C) 30.5 30.0 28.4 29.9 
pH 7.80 7.96 8.05 8.00 
Salinity 35.8 31.8 34.8 32.1 
Conductivity (mS/cm) 53.8  48.4 52.6 48.8 

 

 

2.3.2 Mercury contamination  

Oysters’ mercury contamination was significantly higher during wet season (Fig. 1, Table S1). 

Although mussel mercury levels were visibly higher in wet season than in dry season, this difference 

was not significant (Fig. 1, Table S1). Mussels presented 44,4% and 36,3% more mercury 

contamination than oysters during dry and wet seasons, respectively.  

 

 

Fig. 1 – Mercury contamination (μg/g wet weight) (mean ± s.e.) of S. cucculata oysters from Metuge 

and M. philippinarum mussels from Mecúfi during dry and the wet season. Significant differences 

detected between dry and wet seasons in oysters (*) and mussels (#) are presented.  

 

2.3.3 Microplastics contamination 

Microplastics contamination in oyster samples was significantly higher during wet season (Fig. 2, 

Table S1). Mussel microplastics levels were visibly higher in wet season than in dry season, however 
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this difference was not significant (Fig. 2, Table S1). Mussels presented higher microplastics 

contamination than oysters during dry and wet seasons (Fig. 2).  

  

 

Fig. 2 – Microplastics contamination (microplastic particles/g wet weight) (mean ± s.e.) of S. cucullata 

oysters from Metuge and M. philippinarum mussels from Mecúfi during dry and the wet season. 

Significant differences detected between dry and wet seasons in oysters (*) and mussels (#) are 

presented.  

 

2.3.4 Oxidative damage and energy-related biomarkers analysis 

Oysters LPO was significantly higher during dry season than during wet season and mussels LPO 

was significantly higher during wet season than in dry season (Fig. 3, Table S1). LPO was higher in 

mussels than in oysters in both dry and wet seasons (Fig. 3). 
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Fig. 3 – Lipid peroxidation (LPO, nmol TBARS/g wet weight) (mean ± s.e.) of S. cucculata oysters 

from Metuge and M. philippinarum mussels from Mecúfi during dry and the wet season. Significant 

differences detected between dry and wet seasons in oysters (*) and mussels (#) are presented. 

 

Oysters’ lipid, sugar and protein content was significantly higher during dry season than during wet 

season (Fig. 4,5,6, Table S1). Lipid, sugar and protein content in mussel samples was also 

significantly higher during dry season than during wet season (Fig. 4,5,6, Table S1).   

In both dry and wet seasons, oysters and mussels’ lipid content was similar (Fig. 4). Sugar and 

protein content were higher in oysters than in mussels in dry and wet seasons (Fig. 5,6). 
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Fig. 4 – Lipids (mJ lipid/mg wet weight) (mean ± s.e.) of S. cucculata oysters from Metuge and M. 

philippinarum mussels from Mecúfi during dry and the wet season. Significant differences detected 

between dry and wet seasons in oysters (*) and mussels (#) are presented. 

 

 

Fig. 5 – Sugars (mJ sugar/mg wet weight) (mean ± s.e.) of S. cucculata oysters from Metuge and M. 

philippinarum mussels from Mecúfi during dry and the wet season. Significant differences detected 

between dry and wet seasons in oysters (*) and mussels (#) are presented. 
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Fig. 6 – Proteins (mJ protein/mg wet weight) (mean ± s.e.) of S. cucculata oysters from Metuge and 

M. philippinarum mussels from Mecúfi during dry and the wet season. Significant differences 

detected between dry and wet seasons in oysters (*) and mussels (#) are presented. 

 

2.3.5 PCA 

Concerning oysters PCA, the first principal component (PC1) accounted for 55.2% and PC2 

accounted for 20.6% of the total variability among the analysed data. We chose to analyse oysters 

PCA results according to values concerning PC1 because as observed in Fig. 7 PC1 provided a 

better visualization of separation between dry and wet season samples. Lipid and sugar content were 

the variables that contributed the most for oysters’ data segregation between dry and wet seasons 

(Fig. 7, Table S2). Conversely, microplastics contamination was the variable that had a smaller 

influence in this segregation (Fig. 7, Table S2). 
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Fig. 7 – PCA of oyster samples and their pollutants contamination data (mercury, Hg and 

microplastics, mp) and oxidative stress and energy-related biomarkers (LPO, lipids, sugar and 

protein) with PC1 on x axis and PC2 on y axis. 

 

In Mussels PCA, PC1 accounted for 50.9% and PC2 accounted for 18.6% of the total variability 

among the studied samples. We decided to analyse mussels PCA results according to values 

concerning PC1 because it enabled a clearer segregation of dry and wet season samples. LPO and 

lipid content were the two variables that influenced the most mussels’ data segregation between dry 

and wet seasons (Fig. 8, Table S3).  On the other hand, mercury was the variable that contributed 

less to this segregation (Fig. 8, Table S3).   
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Fig. 8 – PCA of mussel samples and their pollutants contamination data (mercury, Hg and 

microplastics, mp) and oxidative stress and energy-related biomarkers (LPO, lipids, sugar and 

protein) with PC1 on x axis and PC2 on y axis. 

 

2.4 Discussion 

Differences due to seasonality in pollutants contamination in coastal ecosystems have already been 

shown (Barua et al., 2011; Cheung et al., 2016; Mtanga & Machiwa, 2007). Besides, it had been 

suggested that rivers are a big source of mercury (Horvat et al., 2003; Laurier et al., 2004; Saniewska 

et al., 2014) and microplastics pollution (Cheung et al., 2016) in coastal waters. Therefore, due to 

higher river discharges into these waters during wet season (Li & Zhang, 2010), we expected that 

oysters and mussels’ contamination with these pollutants were higher during wet season than during 

dry season. Accordingly, our results showed that oysters and mussels had higher mercury and 

microplastics contamination during wet season. Oysters’ sampling spot (Metuge) was 45km north, in 

a straight line parallel to the coast from mussels’ sampling spot (Mecúfi). The fact that these bivalves 

were in different locations possibly under different pollution levels might have influenced their distinct 

contamination with mercury and microplastics. Besides, different species have different intrinsic 

metabolic rates, which affects their pollutants contamination (Boening, 1999).     
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Mussels collected during wet season had the highest mean mercury contamination, ≈0.01 μg/g wet 

weight. Mercury maximum levels in fishery products (including molluscs) for human consumption 

were suggested by the European Food Safety Authority (EFSA) and established by the European 

Commission (EC) at 0.50 μg/g wet weight (European Commission, 2006). So, mercury contamination 

values were below the maximum levels accepted in fishery products, which means that concerning 

this pollutant, oysters and mussels collected in these locations seem safe for human consumption 

throughout the whole year. Mean total mercury levels registered in the present study in soft tissues 

of S. cucullata oysters (≈0.030 ± 0.002  and 0.040 ± 0.001 μg/g dry weight during dry and wet season, 

respectively) were among the mean values detected in this species in the Persian Gulf (ranging 

between ≈0.035 ± 0.001 and 0.065 ± 0.001 μg/g dry weight) (Mohammadi et al., 2012; Shirneshan 

et al., 2012) and below the mean values registered in the same species in Goa coast, India (ranging 

from ≈0.06 to 0.10 μg/g dry weight) (Patra et al., 2019). S. cucullata total mercury content (≈0.007 ± 

0.001 and 0.009 ± 0.001 μg/g wet weight in dry and wet seasons, respectively) in Metuge, 

Mozambique was also lower than in its northern country neighbour, Tanzania (ranging between 

≈0.055 ± 0.026 and 0.536 ± 0.036 μg/g wet weight, in two different mangrove ecosystems) (Machiwa, 

2010; Mtanga & Machiwa, 2007). Concerning M. philippinarum mussel mercury content (≈0.057 ± 

0.004 and 0.065 ± 0.004 μg/g dry weight during dry and wet season, respectively) it was lower in 

Mecúfi, Mozambique than in organisms of this species sold in Northern China markets (0.22 ± 0.04 

μg/g dry weight) (Zhao et al., 2013). We could not find studies reporting mercury content in S. 

cucullata and M. philippinarum or any other bivalves from the seacoast of Mozambique. Moreover, 

studies have shown that during warmer periods bivalves are less tolerant to heavy metals 

contamination (Cherkasov et al., 2006; Sokolova, 2004; Sokolova & Lannig, 2008).  In the context of 

global climate change, it has been predicted that temperatures will rise, so bivalves’ survival might 

be affected (Sokolova & Lannig, 2008).  

Microplastics in S. cucullata oysters have been quantified in a South China estuary (Li et al., 2018) 

and the Kenyan coast (Awuor et al., 2020) using the same digestion treatment as in this study, 10% 

KOH. Li et al. (2018) found that microplastics contamination in S. cucullata ranged from 1.5 to 7.2 

particles/g wet weight and Awuor et al. (2020) reported an average of 3.36 ± 0.53 microplastic 

particles/g wet weight in the same species. However, in Metuge, North of Mozambique, microplastics 

abundance in S. cucullata oysters ranged from 0.5 ± 0.4 to 2.0 ± 0.6 particles/g wet weight (or 0.7 ± 

0.4 and 2.1 ± 0.5 particles/individual) during dry and wet seasons, respectively. These values are 

lower than the mean values found in South China and Kenya, which can be related to lower 

microplastics contamination in oysters’ living waters in the North of Mozambique. In fact, Li et al. 

(2018) suggested that oysters can reflect microplastics contamination of their surrounding waters 

and therefore can be used as biomonitors for the microplastic contamination in coastal waters. 

Microplastics reported in M. philippinarum mussels from Mecúfi ranged from 7.7 ± 1.7 and 29.7 ± 

14.0 particles/g wet weight (or 2.6 ± 0.6 and 7.4 ± 3.8 particles/individual) during dry and wet 

seasons, respectively. Although the mean value of microplastics content in mussels during wet 
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season was very high, it also presented high variance. Microplastics quantification of wet season 

mussels was performed at a different time from the other analysed samples. Even though every 

precaution has been taken to ensure that samples were treated in accordance with quality control 

measures, airborne contamination may have occurred. This time gap could have affected our results 

because microplastics atmospheric contamination might have been different in these two different 

periods, affecting the microplastics quantification. Nevertheless, we individually counted 

microplastics in a conservative way.  

To our best knowledge, this is the first time that microplastics were quantified in M. philippinarum 

mussels and it is also the first microplastic quantification in bivalves from Mozambique. However, a 

previous microplastics quantification of Pemba sediments, Mozambique has already been done 

(Browne et al., 2011). Browne et al. (2011) detected that in 250 mL of sediment there were 21-30 

microplastic particles. There are few studies on microplastics quantification in shellfish from Southern 

and Eastern Africa. Besides Awuor et al. (2020) that reported microplastics contamination in S. 

cucullata from Kenya, microplastics were also quantified in bivalves from Cape Town, South Africa 

(Sparks, 2020) and Tanzanian coast (Mayoma et al., 2020). In South Africa were detected 2.33 ± 

0.2 particles/g wet weight (4.27 ± 0.5 particles/individual) in three mussel species (Sparks, 2020) and 

in Tanzanian coast ≤1 – 2.1 ± 1.8 particles/individual were reported in Anadara antiquata cockle 

(Mayoma et al., 2020). Since there are no maximum levels of microplastics established for food items 

intended for human consumption, we compared our results to other global studies. Microplastics 

contamination quantified in S. cucullata from Metuge, Mozambique was below and/or within the 

average of the overall values verified in shellfish in other studies around the world (Ding et al., 2020) 

and specifically in Southern and Eastern Africa (Awuor et al., 2020; Mayoma et al., 2020; Sparks, 

2020). The average number of microplastics detected in M. philippinarum in Mecúfi, Mozambique 

was mostly higher than the mean values of microplastics identified in shellfish in other global studies 

(Ding et al., 2020), including the ones developed in Southern and Eastern Africa (Awuor et al., 2020; 

Mayoma et al., 2020; Sparks, 2020), namely results from wet season mussels. We suggest that 

future analyses including analytical methods (e.g., FTIR) should be developed. 

It has already been shown that S. cucullata had high nutritional value, namely due to its high 

percentage of protein content when comparing to its lipid and sugar content (Paul et al., 2021; 

Umayaparvathi et al., 2015). Here we also verified S. cucullata high protein content, which was much 

higher (double or more) when compared with its lipid and sugar content.  

Seasonal variations in energetic reserves of bivalve molluscs have already been detected (Costa et 

al., 2020; Mitra et al., 2008; Mohan & Kalyani, 1989; Topić Popović et al., 2020). In fact, biochemistry 

of these organisms suffers seasonal variations depending on environmental parameters and on 

physiological status (Paul et al., 2021; Widdows, 1978). In this study oysters and mussels had 

significantly higher energetic reserves (lipids, sugars and proteins) during dry season than during 

wet season. Paul et al. (2021) also verified that S. cucullata protein, lipid and sugar content was 

higher during summer (dry season) and lower during monsoon period (wet season) in the southeast 
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coast of India. Concerning M. philippinarum, we could not find any study quantifying its nutrient 

reserves and their possible seasonal variations. Nevertheless, we found that nutrient reserves have 

been quantified in a congeneric species Modiolus barbatus, which just like M. philippinarum, it had 

higher protein content than lipid and sugar levels (Prato et al., 2019). Among the eight bivalve species 

analysed by Prato et al. (2019), M. barbatus was considered one of the most suitable for consumers, 

because of the benefits that arise from its relatively high protein content and low lipid levels. However, 

M. philippinarum had lower levels of protein, lipid and sugar content than M. barbatus (Biandolino et 

al., 2019; Prato et al, 2019).   

S. cucullata condition index was shown to be higher during pre- and post-monsoon periods in the 

south-west coast of India (drier seasons) than in monsoon periods (the wettest season), when water 

temperature was lower (Singh, 2019). This could happen due to less food availability during low 

temperature days (Rao & Nayar, 1956) (that matched with monsoon period), which could lead to less 

food intake and lower energetic reserves in S. cucullata body. Although we also verified lower 

energetic reserves in this species during wet season, seawater temperature in Metuge was similar 

between dry and wet seasons. In fact, an average of 26,6°C and 28,9°C seawater temperature is 

reached in Pemba (North of Mozambique) during dry and wet seasons, respectively (Pemba Climate: 

Temperature, Climograph and Climate Table for Pemba – Climate-Data.org, n.d). So, seawater 

temperature does not reach low values in the North of Mozambique. However, there are other 

physical parameters that might be leading to seasonal variability in bivalves’ energetic reserves in 

the North of Mozambique. Hydrodynamic processes like current velocities change seasonally, 

affecting food availability (Richardson & Reverdin, 1987; Sarà & Mazzola, 2004; Visbeck & Schott, 

1992) and leading to seasonal changes in bivalves’ energetic reserves. Besides, we noticed that 

salinity decreased from dry to wet season and this environmental parameter can also lead to 

seasonal variations in energetic reserves in bivalve molluscs (Topić Popović et al., 2020), since it 

has been associated with reproductive cycle (Mitra et al., 2008). Species reproduction periods may 

vary according to its geographical location (Quayle, 1980). It was shown that S. cucullata has a well-

defined spawning period in Transkei, South-eastern region of South Africa from February and March 

(Lasiak, 1986). However, in east Africa (Kenyan coast) spawning was shown to be related to rainfall, 

so S. cucullata spawning period coincides with wet season (October and April-May), probably due to 

salinity decrease (Van Someren & Whitehead, 1961). Salinity has also been pointed as having a key 

effect in mussels’ reproductive cycle, namely in gametogenesis and spawning (Wilson, 1969). 

Concerning M. philippinarum mussel, active gametogenesis was observed between July and 

October in Southern Japan (Ozawa, 2001). In the present study we did not evaluate the reproductive 

stage of the collected organisms. However, it is known that bivalves have to storage energetic 

reserves prior to spawning, since they play a major role on gametogenesis (Dridi et al., 2007; Mitra 

et al., 2008; Mohan & Kalyani, 1989). Moreover, according to Van Someren & Whitehead (1961), 

lower salinity values registered during wet season in east Africa can be related to spawning. So, in 

this study we hypothesise that oysters and mussels had to storage large amounts of protein, lipid 
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and sugar during dry season in order to have enough energetic reserves to ensure spawning latter 

during wet season.  

Microplastics ingested by bivalves can decrease energetic reserves of bivalve organisms (Bour et 

al., 2018). In fact, we verified that during wet season oysters and mussels’ microplastics 

contamination was higher and their protein, lipid and sugar content was significantly lower than in 

dry season. So, microplastics concentration in bivalves’ tissues can be negatively affecting their 

energetic reserves. This can have adverse impacts in bivalves under stressful conditions like low 

food availability, when these organisms are forced to relocate their energy for maintenance or growth 

(Bour et al., 2018; Smolders et al., 2004). Moreover, during wet season there is an increase in 

suspended particulate matter and particulate organic and inorganic matter in coastal waters 

(Sasikumar & Krishnakumar, 2011). However, not all the particulate matter is adequate for bivalves 

consume (Saxby, 2002). So, during wet season bivalves actively filter a great number of particles 

but bivalves do not necessary use all the particles as food. This energy-consuming process might 

have also leaded to lower energetic reserves of oysters and mussels during wet season. 

Although lipid peroxidation (LPO) was also significantly higher during dry season in oysters, in 

mussels the results were the opposite and LPO was significantly higher during wet season. Higher 

lipid peroxidation level has been related to wet season (Jana et al., 2013) and with higher pollutants 

contamination of the seawater, namely heavy metals (Jana et al., 2013; Sheehan & Power, 1999) 

like mercury (Carocci et al., 2014). In fact, mussels’ mercury and microplastics contamination was 

higher during wet season and so was their lipid peroxidation. So, these pollutants can be major 

factors contributing to why lipid peroxidation was higher in mussels during wet season. However, in 

oysters, even though its contamination with the analysed pollutants was higher during wet season, 

its lipid peroxidation was higher during dry season. Lipid peroxidation is a useful parameter to assess 

oxidative damage in organisms (Viarengo et al., 1991). Colder seawater temperature and food 

availability have been pointed out as factors that can increase levels of oxidative stress (Topić 

Popović et al., 2020). Seawater temperature was similar during dry and wet seasons in Metuge and 

oysters’ energetic reserves were also significantly higher during dry season, so we do not consider 

that seawater temperature or reduced food availability affected oysters’ higher lipid peroxidation 

during dry season. Oxidative stress may vary along the year also because of seasonal changes in 

bivalves’ metabolic status due to the reproductive cycle, namely gonad ripening (Sheehan & Power, 

1999; Viarengo et al., 1991). As stated before, we associated higher nutrient reserves along dry 

season to the need of storing larger amounts of energy for gametogenesis. So, higher lipid 

peroxidation in oysters during dry season might be due to gonad ripening and gametogenesis. Even 

though we considered mussels to be also ripening their reproductive organs during dry season, 

maybe pollutants in these organisms had bigger impact on their lipid peroxidation. Therefore, this 

oxidative stress indicator matched its higher levels with higher pollutants contamination during wet 

season in M philippinarum mussel.  
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PCA analysis revealed higher importance of energetic reserves in segregating values from dry and 

wet season and less importance of pollutants contents in this segregation in both oysters and 

mussels. Maybe this is due to variations of bivalves’ energetic reserves that occur throughout the 

different stages of the reproductive cycles, which depends on environmental parameters (like salinity) 

that change from dry to wet season. Besides, mercury and microplastics contamination in M. 

philippinarum between dry and wet seasons did not reveal significant differences. On the other side, 

although these two pollutants revealed seasonal significant differences in S. cucullata, values 

concerning lipid and sugar content had greater gaps between dry and wet seasons.  

 

2.5 Conclusions   

Our study highlights that consumption suitability and quality of S. cucullata oysters and M. 

philippinarum mussels were better during dry season, as pollutants contamination was lower and 

nutrient reserves were higher in this season. However, since that period might overlap bivalves pre-

spawning season, the number of bivalves harvested should have an established maximum quota 

and a size-controlled collection during dry season should be implemented. Further studies on 

seasonal variations of the reproductive cycle of these species in the North of Mozambique could 

verify our assumption. 

Rising temperatures in the context of climate change will reduce bivalves’ tolerance to heavy metals 

and other contaminants, which will increase bivalves’ oxidative stress and reduce their energetic 

reserves. This can have adverse impacts in bivalve nutritional quality and, at worst their survival 

might be affected. 
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3. Preservation methods of oysters and mussels in the North of Mozambique: potential 

implications for human health 

 

3.1 Introduction 

Food preservation methods are essential to increase the storage life of alimentary products by 

preventing foods spoilage by microorganisms and avoiding their poisoning by pathogens that can 

harm consumers (Smid & Gorris, 2007). However, the preservation methods can affect food 

nutritional values (Masette & Kwetegyeka, 2013), so it is important to select a preservation technique 

that conserves food nutritional attributes as much as possible. 

In Cabo Delgado in 2017, only 19% of the population had access to electricity or a power 

generator/solar panel (INE, 2020c). This lack of electricity access in this region hinders food safety 

since refrigerators and freezers for food preservation for long periods are inaccessible for most of 

the population. Therefore, to preserve fish and seafood for longer periods, coastal communities in 

Cabo Delgado use traditional preservation methods: salting, smoking and sun-drying (Souto, 2015).   

Salting is the oldest preservation method used by humans to preserve food (Pittia & Antonello, 2016; 

Turan et al., 2007). Salting can be “wet” where bivalves are immersed in a brine solution or “dry” 

where they are stacked in salt (Turan et al., 2007). Salt (NaCl) is a strong depressor of water activity 

(Pittia & Antonello, 2016). By reducing water activity in food products, salt inhibits microbial growth, 

enabling longer preservation of bivalves, since regular fisheries spoilage bacteria cannot support 

high salt concentrations (Horner, 1997; Turan et al., 2007). 

In developing countries, smoking is a preservation method used to reduce post-harvest loss of fishing 

resources because it is a cheap and easy technique (Patterson, 2004). For bivalves, such process 

combines the preservative effect of salting, drying, heating and smoking, since prior to smoking 

bivalves’ meat is brine salted and left to dry (Turan et al., 2008). Increased salt content and reduced 

moisture retards the growth of bacteria and increases food storage life (Horner, 1997; Patterson, 

2004; Turan et al., 2008). In fact, the drying process is the main responsible for increasing storage 

life of smoked bivalves instead of the deposition of chemical compounds on bivalves’ meat by smoke, 

like antioxidant (phenolic) and antimicrobial constituents (Horner, 1997; Patterson, 2004; Turan et 

al., 2008). 

Sun-drying is a technique still used nowadays in many parts of the world, where food items are simply 

left to dry in the open air, taking advantage of solar energy to evaporate the water and air currents 

to spread away the vapour (Horner, 1997). Water removal from food products is also the mechanism 

that allows the drying method to preserve alimentary products inhibiting spoilage bacteria to growth 

(Horner, 1997; Patterson, 2004). 

Bivalves can heavily accumulate pollutants (e.g., mercury and microplastics) in their tissues due to 

their filter-feeding behaviour (Li et al., 2015; Naimo, 1995; Wright et al., 2013). Mercury can reach 
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coastal waters through natural (geological settings like volcanic activity) and anthropogenic sources 

(e.g., inland industry and rivers discharges) (Saniewska et al., 2014; Stoffers et al., 1999). Either 

way, bivalves inhabiting coastal waters contaminated with this heavy metal will increase mercury 

content in their body tissues and according to EFSA if mercury levels exceed 0.50 μg/g wet weight, 

then bivalves are no longer proper for human consumption (European Commission, 2006; Naimo, 

1995). In fact, mercury can induce damages in human kidneys, gastrointestinal tract and neurological 

system (Andersen et al., 1993; Park & Zheng, 2012; Wheatley et al., 1979). Although microplastics 

maximum levels are not yet established for food intended for human consumption, microplastics can 

also negatively affect human health (Brown et al., 2001; Mahler et al., 2012). These debris that 

outcome from anthropogenic activities can cause oxidative stress, cell apoptosis and inflammatory 

responses (Brown et al., 2001; Inkielewicz-Stepniak et al., 2018; Mahadevan & Valiyaveettil, 2021; 

Peixoto et al., 2019). These potential negative impacts of mercury and microplastics on human health 

ensures the importance of assessing these two pollutants content in bivalves consumed by humans. 

In this study, we preserved rock oysters S. cucullata and M. philippinarum mussels collected in Cabo 

Delgado using food traditional preservation methods: salting, smoking and sun-drying. The main goal 

of this study was to assess which was the preservation method that ensured a higher food safety 

and nutritional attributes of S. cucullata and M. philippinarum for human consumption. For that, we 

analysed bivalves’ mercury, microplastics and microbial contamination, and their oxidative damage 

(estimated as lipid peroxidation) and biochemical composition (lipids, sugars and proteins) after their 

preservation using different artisanal methods. 

  

3.2. Materials and methods 

 

3.2.1 Study area 

In March 2020 S. cucullata oysters were collected inside Pemba Bay, near Metuge and M. 

philippinarum mussels were collected from the seacoast nearby Mecúfi. 

 

3.2.2 Experimental procedure 

Bivalve shells were cleaned before cooking. Together with women villagers from Mecúfi, we 

developed five different artisanal preservation methods of mussels and oysters: brine salting, dry 

salting, smoking, smoking with oil dipping and sun-drying.  

Bivalve preparation before developing the five preservation methods was the same for all of them 

and followed the one usually made by the villagers. Mussels were cooked on a pan in the fire and 

were left to boil in their own juices for 6 min. After that, shells were wide open and mussels’ meat 

was easily removed from the shells and placed in a container with freshwater from the village well to 

swell. Oysters were cooked with a small amount of freshwater on a pan in the fire (Fig. 9). After 18 
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min boiling, they were removed from the fire and the shells were opened by hand or with a knife. The 

edible part was placed in a container with freshwater just like the mussels. All the preservation 

methods procedures were done separately for mussels and oysters. 

 

Fig. 9 – S. cucullata oysters being cooked prior to their preservation. 

Brine and dry salting followed the procedure developed by Turan et al. (2007), with a few 

adjustments. For the brine salting, mussels and oysters were immersed in brine containing 250 g of 

thick granular salt/ 1 l of freshwater from villagers well and they were stored in falcon tubes. For the 

dry salting, we weighed oysters and then we mixed them with thick granular salt. The amount of salt 

used in this process was 25% of total oyster weight. We repeated the dry salting process using 

mussels. Dry salted mussels and oysters were also stored in falcon tubes.  

We followed Turan et al. (2008) procedures to do mussels and oysters smoking, with minor 

adjustments. Bivalve molluscs were taken from the freshwater and immersed in brine containing 250 

g of thick granular salt/ 1 l of freshwater for 5 min. Mussels and oysters were then left to dry in a 

separate reed sieve in the sun for 5 min. Next, we split in half mussel and oyster samples and the 

first group was dipped in soy vegetable oil prior to being smoked in a grill next to a bonfire for 45 min. 

The second group followed the same procedure except that these bivalves were not dipped in oil 

before being smoked. After samples cooled down they were stored in falcon tubes. The use of brine 

and oil before smoking helped improving consistency and taste of the bivalve molluscs (Turan et al., 

2008).    

Sun-drying procedure was developed just like the villagers used to do. Mussels and oysters were 

taken out from the freshwater they were in and each of the bivalve molluscs was well spread in a 

separate reed sieve (Fig. 10). The sieves were placed in the sun and left to dry for seven to eight 

hours. After that samples were stored in falcon tubes.  
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Fig. 10 – M. philippinarum mussels spread in a reed sieve under the sun.  

Fresh organisms, that were not submitted to any preservation method (t0) were stored at -20 °C as 

well as preserved bivalve molluscs after three (t3) and fifteen (t15) days of their preservation. We 

evaluated bivalves’ mercury and microplastics levels, their microbial contamination and their 

biochemical composition (i.e., oxidative damage via lipid peroxidation; energetic reserves via lipid, 

sugar and protein contents). Although some preserved bivalves were drier (e.g., sun-dried samples) 

than others (e.g., brine salted organisms), we did not transform all bivalves weight into wet or dry 

weight since we wanted to assess the actual pollutants levels and nutrient reserves in preserved 

bivalve own weight. 

 

3.2.3 Mercury quantification 

Mercury was quantified (μg/g organism) in oysters and mussels (n=5 per method) according to the 

protocol described in chapter 2. We analysed fresh (t0) and t3 bivalve molluscs. We did not use t15 

oysters and mussels because we did not expected differences in this quantification between bivalve 

molluscs t3 and t15. 

 

3.2.4 Microplastics extraction and quantification from biological tissues 

Oysters and mussels (n=5 per method) were collected from the surroundings of Metuge and Mecúfi, 

respectively and microplastics quantification (microplastic particles/g organism) followed the protocol 

described in chapter 2. We analysed fresh (t0) and t3 bivalve molluscs. We did not use t15 oysters 
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and mussels because we did not expected differences in this quantification between bivalve molluscs 

t3 and t15. 

 

3.2.5 Oxidative damage and energy-related biomarkers analysis 

S. cucullata and M. philippinarum (n=5 per method and sampling time: t0, t3 and t15) were 

homogenised and oxidative damage (LPO, nmol TBARS/g organism) and energy-related biomarkers 

(lipid, sugar and protein content, mJ/mg organism) analysis followed the methodology described in 

chapter 2.  

 

3.2.6 Microbiology analysis 

 

3.2.6.1 Culture medium preparation 

We used three different media: TSA (Tryptic soy agar) with 1% NaCl, TCBS (Thiosulfate Citrate Bile 

Salts Sucrose Agar) and CCA (Chromocult coliform agar). TSA (VWR Chemicals ref 84602.0500) 

with 1% NaCl was used to culture every microorganism that grows in salt water. TCBS (VWR 

Chemicals ref 84641.0500) was used to verify if there were any Vibrio spp. in our samples. Finally, 

we used CCA (Merck ref 1.10426.0500) medium to access the amount of coliform microorganisms 

present in preserved bivalve molluscs. Media were prepared in distilled water according to the 

producer indications and they were stored at 4 ºC prior to their inoculation.  

 

3.2.6.2 Shellfish samples preparation 

Samples preparation followed the Portuguese Standard NP – 3006 (1985). Microbiology analysis 

was performed on oysters and mussels preserved three days before the analysis (t3) by the five 

different preservation methods. Containers with preserved mussels and oysters were aseptically 

(next to the flame) opened and cut in smaller pieces in a sterile Petri dish using a sterile scissors. 

  

3.2.6.3 Preparation of the initial suspension, dilutions and plates inoculation 

Dilutions’ preparation followed the Portuguese Standard NP – 3005 (1985). Weighted samples were 

introduced in a sterile homogenizer bag, diluted 1:2 by adding 0.1% sterile peptone water in the same 

volume (ml) of each of the samples’ weight (g) and homogenized using a Stomacher homogenizer 

for 3 min (1,5 + 1,5 min). Each bivalve homogenate was further diluted 1:5 in 0.1% sterile peptone 

water to obtain an initial suspension of 10-1. Decimal dilutions (from 10-2 to 10-7) of each homogenate 

were prepared in 0.1% sterile peptone water. We spread plated 100 µL from each of the six dilutions 

in three replicates of each three used media. Cultures in CCA media were incubated at 37ºC for 24h 
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and cultures inoculated in TSA and TCBS media were incubated at 28ºC for 48h. When incubation 

period ended, we counted the number of colonies in each plate and colony counts were converted 

to log CFU (colony-forming unit)/g. 

 

3.2.7 Data analyses 

Differences among mercury, microplastics, LPO and energetic reserves of oysters and mussels 

preserved by distinct methods were analysed by one-way analysis of variance (ANOVA) with a 

significance level of 5%, followed by SNK multiple comparison tests when significant differences 

were found. The Shapiro-Wilk test was used to verify if our data followed a normal distribution and 

the Levene test was used to verify the assumption of homogeneity of variance. When these two 

assumptions were not fulfilled, we performed a Kruskal-Wallis non-parametric test followed by a 

Dunn-Bonferroni post hoc test.  

Concerning oxidative stress and energy-related biomarkers, we analysed differences between fresh 

and preserved bivalves with three (t3) and fifteen (t15) preservation days using an ANOVA with a 

significance level of 5%, followed by Dunnett multiple comparison tests (considering the fresh 

treatment as control) when significant differences were found. The same tests mentioned before 

were used to verify the required ANOVA assumptions. When these normality and homogeneity of 

variance assumptions were not fulfilled, we performed a Kruskal-Wallis non-parametric test followed 

by a Dunn-Bonferroni post hoc test.  

Comparisons between oxidative stress and energy-related biomarkers of oysters and mussels 

preserved by different methods after three (t3) and fifteen (t15) preservation days were made by 

Independent-Samples t-test with a significance level of 5%. The Shapiro-Wilk test was used to verify 

if our data followed a normal distribution. When this assumption was not fulfilled, we performed a 

Mann-Whitney non-parametric test. All these procedures were conducted using IBM SPSS Statistics 

25. Whenever it was needed, data were transformed to fulfil these parametric tests assumptions. 

Original sample size was five in all analyses. Even though we looked for outliers using the formula 

mean ± 2*standard deviation we did not detect values that fell out of this interval. 

Differences between microbial growth of preserved oysters and mussels were assessed using non-

parametric tests (Mann-Whitney and Kruskal-Wallis tests) since normality and homogeneity of 

variance (when applicable) assumptions were not verified. This procedure was also conducted using 

IBM SPSS Statistics 25. 

 

 

 



27 
 

3.3. Results 

 

3.3.1 Mercury contamination 

Fresh oysters had significantly lower mercury levels than preserved organisms (Fig. 11, Table S4).  

Moreover, the highest mercury content was observed for sun-dried bivalves, followed by smoked 

and smoked with oil organisms, and brine and dry salted individuals (Fig. 11, Table S4).  

 

Fig. 11 - Mercury contamination (μg/g organism) (mean ± s.e.) of fresh and preserved S. cucullata 

oysters. Different letters represent significant differences among treatments (Dunn-Bonferroni post 

hoc test). 

 

Mussels’ mercury contamination was significantly lower in fresh and brine salted individuals than in 

the remaining treatments (Fig. 12, Table S4). On the contrary, sun-dried organisms presented the 

highest mercury contamination, followed by smoked with oil mussels. Dry salted and smoked 

mussels presented intermediate similar mercury values (Fig. 12, Table S4). 
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Fig. 12 - Mercury contamination (μg/g organism) (mean ± s.e.) of fresh and preserved M. 

philippinarum mussels. Different letters represent significant differences among treatments (SNK 

post hoc test). 

 

3.3.2 Microplastics contamination 

Fresh oysters had significantly lower microplastics contamination than preserved oysters (Fig. 13, 

Table S4). Significant differences were not found among oysters preserved by different conservation 

methods concerning microplastics contamination (Table S4). 

 

Fig. 13 - Microplastics contamination (microplastic particles/g organism) (mean ± s.e.) of fresh and 

preserved S. cucullata oysters. Different letters represent significant differences among treatments 

(Dunn-Bonferroni post hoc test). 
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Microplastics contamination in mussels did not change significantly among treatments (Fig. 14, Table 

S4). 

 

 

Fig. 14 - Microplastics contamination (microplastic particles/g organism) (mean ± s.e.) of fresh and 

preserved M. philippinarum mussels.  

 

3.3.3 Oxidative damage and energy-related biomarkers analysis 

Oysters LPO was significantly lower in fresh organisms (47.34 ± 5.76 nmol TBARS/g organism) than 

in dry salted, sun-dried, smoked and smoked with oil oysters after 3 and 15 days of preservation 

(Table S4, S5). LPO levels were significantly higher in t3 sun-dried and smoked with oil oysters than 

in the remaining t3 treatments (Fig. 15, Table S4). Concerning the different preservation methods 

after 15 days of storage, oysters LPO was significantly lower in brine and dry salted individuals and 

it was significantly higher in sun-dried oysters (Fig. 15, Table S4). Smoked oysters had significantly 

higher LPO levels in t15 than in t3 samples (Table S6). In all the remaining preserved oysters there 

were no significant differences between 3 and 15 days of storage (Table S6). 
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Fig. 15 – LPO (nmol TBARS/g organism) (mean ± s.e.) of preserved S. cucullata oysters after three 

(t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved oysters (SNK post hoc 

test). Significant differences between t3 and t15 samples for each preservation method are 

represented by *.  

 

Fresh mussels had significantly higher LPO levels (433.68 ± 39.70 nmol TBARS/g organism) than 

preserved mussels after 3 and 15 days of preservation (Table S4, S5). Concerning t3 treatments, 

mussels LPO was significantly higher in sun-dried organisms (Fig. 16, Table S4). Among t15 

treatments, mussels LPO was significantly lower in brine salted mussels and significantly higher in 

sun-dried and smoked with oil individuals (Fig. 16, Table S4). Smoked with oil mussels were the only 

preserved mussels that revealed significant differences between samples with 3 and 15 days of 

storage (Table S7). Smoked with oil mussels with fifteen days of preservation had significantly higher 

LPO levels than t3 smoked with oil mussels (Table S7).   
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Fig. 16 – LPO (nmol TBARS/g organism) (mean ± s.e.) of preserved M. philippinarum mussels after 

three (t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved mussels (SNK post 

hoc test).  Significant differences between t3 and t15 samples for each preservation method are 

represented by *.  

 

Concerning t3 and t15 treatments, fresh oysters had significantly lower lipid content (198.53 ± 21.05 

mJ lipid/mg organism) than smoked and smoked with oil organisms (Table S4, S5). Smoked with oil 

oysters with three preservation days (t3) had significantly higher lipid content than the other t3 

preserved oysters (Fig. 17, Table S4). We verified the same pattern for t15 preserved oysters, since 

smoked with oil samples also had significantly higher lipid content than the remaining preserved 

oysters (Fig. 17, Table S4). There were no significant differences between t13 and t15 oysters 

preserved by the five different preservation methods (Table S6). 
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Fig. 17 - Lipids (mJ lipid/mg organism) (mean ± s.e.) of preserved S. cucullata oysters after three (t3) 

and fifteen (t15) days of its preservation. Different letters represent significant differences detected 

among t3 (lower case letters) and t15 (upper case letters) preserved oysters (SNK post hoc test). 

 

Just like fresh oysters, fresh mussels also had significantly lower lipid content (198.98 ± 37.48 mJ 

lipid/mg organism) than smoked and smoked with oil organisms in both t3 and t15 treatments (Table 

S4, S5). Smoked with oil mussels with three preservation days (t3) had significantly higher lipid 

content than the rest of t3 preserved organisms (Fig. 18, Table S4). Concerning t15 treatments, 

smoked with oil mussels had significantly the highest lipid content and smoked individuals had 

significantly higher lipid levels than brine salted, dry salted and sun-dried mussels (Fig. 18, Table 

S4). There were no significant differences between t3 and t15 mussels except for smoked organisms, 

which revealed higher lipid content in t15 than in t3 mussels (Table S7). 
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Fig. 18 - Lipids (mJ lipid/mg organism) (mean ± s.e.) of preserved M. philippinarum mussels after 

three (t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved mussels (SNK post 

hoc test). Significant differences between t3 and t15 samples for each preservation method are 

represented by *.  

 

Oysters sugar content was significantly lower in fresh organisms (78.68 ± 28.65 mJ sugar/mg 

organism) than in t3 dry salted and sun-dried oysters (Table S4, S5). However, concerning t15 

treatments fresh oysters revealed significantly lower sugar content than t15 sun-dried and smoked 

oysters (Table S4, S5). Although significant differences were detected among t3 and t15 oyster 

treatments, a clear pattern was not revealed by the multiple comparison test (Table S4). 

Nevertheless, oysters sugar content was higher in t3 sun-dried organisms than in the remaining t3 

treatments and it was lower in t15 brine and dry salted oysters than the others t15 organisms (Fig. 

19, Table S4). Brine and dry salted oysters revealed significantly lower sugar content in organisms 

with 15 days of preservation than in individuals with 3 preservation days (Table S6). 

0

500

1000

1500

2000

2500

3000

3500

brine salting dry salting sun-drying smoking smoking with
oil

Li
p

id
s 

(m
J 

lip
id

/m
g 

o
rg

an
is

m
) 

in
 m

u
ss

el
s

Preservation method

t3 t15

a 
b 

a 
ab 

c 

A 

B 

A A 

C 

*{
 



34 
 

 

Fig. 19 - Sugars (mJ sugar/mg organism) (mean ± s.e.) of preserved S. cucullata oysters after three 

(t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved oysters (Dunn-

Bonferroni post hoc test for t3 treatments and SNK post hoc test for t15 treatments). Significant 

differences between t3 and t15 samples for each preservation method are represented by *.  

 

Mussels sugar content was significantly lower in fresh organisms (41.80 ± 6.40 mJ sugar/mg 

organism) than in sun-dried and smoked mussels in both t3 and t15 organisms (Table S4, S5). Fresh 

mussels also revealed lower sugar content than t15 smoked with oil organisms (Table S4, S5). Sugar 

content was significantly higher in t3 sun-dried oysters than in the remaining t3 treatments (Fig. 20, 

Table S4). Concerning t15 treatments, sugar content was significantly lower in brine salted mussels 

and significantly higher in sun-dried, smoked and smoked with oil mussels (Fig. 20, Table S4). 

Significant differences between t3 and t15 treatments were not detected in any preservation method 

(Table S7). 
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Fig. 20 - Sugars (mJ sugar/mg organism) (mean ± s.e.) of preserved M. philippinarum mussels after 

three (t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved mussels (SNK post 

hoc test for t3 treatments and Dunn-Bonferroni post hoc test for t15 treatments). 

 

 

Fresh samples (812.04 ± 79.99 mJ protein/mg organism) did not reveal significant differences from 

all t3 and t15 treatments (Table S4, S5). Brine and dry salted oysters with three preservation days 

(t3) had significantly higher protein content than the remaining t3 treatments (Fig. 21, Table S4). 

Concerning t15 treatments, sun-dried had the lowest protein content and brine salted, dry salted and 

smoked with oil oysters had one of the highest protein levels (Fig. 21, Table S4). There were no 

significant differences between t3 and t15 preserved oysters (Table S6). 
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Fig. 21 - Proteins (mJ protein/mg organism) (mean ± s.e.) of preserved S. cucullata oysters after 

three (t3) and fifteen (t15) days of its preservation. Different letters represent significant differences 

detected among t3 (lower case letters) and t15 (upper case letters) preserved oysters (Dunn-

Bonferroni post hoc test). 

 

Mussel protein content was significantly lower in fresh individuals (424.57 ± 44.22 mJ protein/mg 

organism) than in t3 smoked mussels and in t15 dry salted organisms (Table S4, S5). There were 

not significant differences among t3 preserved mussels’ protein content (Fig. 22, Table S4). Brine 

salted, dry salted and sun-dried mussels with fifteen preservation days (t15) had significantly higher 

protein content than t15 smoked and smoked with oil mussels (Fig. 22, Table S4). Smoked and 

smoked with oil mussels had significantly lower protein content in t15 than in t3 organisms (Table 

S7). Brine salted, dry salted and sun-dried mussels did not reveal significant differences between t3 

and t15 individuals (Table S7). 
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Fig. 22 - Proteins (mJ protein/mg organism) (mean ± s.e.) of preserved M. philippinarum mussels 

after three (t3) and fifteen (t15) days of its preservation. Different letters represent significant 

differences detected among t3 (lower case letters) and t15 (upper case letters) preserved mussels 

(SNK post hoc test). Significant differences between t3 and t15 samples for each preservation 

method are represented by *.  

 

3.3.4 Microbiology 

It was only possible to estimate microbial growth of sun-dried oysters (log cfu/g) in CCA and TCBS 

media (Table 2). All microbial growth (log cfu/g) concerning the remaining preserved oysters was low 

or even none, reflecting their minimal microbial contamination with specimens able to grow in the 

analysed culture media. For example, in TCBS medium brine salted oysters were the only treatment 

that revealed microbial growth in TCBS medium besides sun-dried oysters. Concerning TSA 

medium, microbial growth was higher in sun-dried oysters. However, significant differences were not 

detected among the analysed preserved oysters (Table S8).  

Microbial growth of preserved mussels was significantly lower in dry salted and smoked with oil 

samples in TSA medium (Table 3, S8). Although there were no significant differences among 

preserved mussels in CCA and TCBS media, sun-dried samples revealed higher microbial growth 

(Table 3). All microbial growth (log cfu/g) that were not possible to estimate was due to samples low 

or none microorganisms growth, which revealed their reduced microbial contamination with 

microorganisms that proliferate in these specific media.  
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Table 2. Microbial growth (mean ± s.e.) in three different media (CCA, TSA and TCBS) in oysters 

preserved by five preservation methods. Values in the same column with different letters (a, b) are 

significantly different (p < 0.05). 

Preservation method Microbiology growth (log cfu/g) 

CCA TSA TCBS 

Brine salting ND1 ND ND 

Dry salting ND 5.83±2.7 a ND 
Sun-drying 7.82±1.43 10.30±0.10 a 6.98±3.2 
Smoking ND 5.61±0.38 a ND 
Smoking with oil ND 5.63±0.07 a ND 

1ND, non-detected 

 

Table 3. Microbial growth (mean ± s.e.) in three different media (CCA, TSA and TCBS) in mussels 

preserved by five preservation methods. Values in the same column with different letters (a, b, c) are 

significantly different (p < 0.05). 

Preservation method Microbiology growth (log cfu/g) 

CCA TSA TCBS 

Brine salting 6.82±2.1 a 7.26±0.20 b ND 

Dry salting 5.54±0.85 a 5.95±1.67 a ND 
Sun-drying 7.98±0.78 a 9.95±0.73 c 8.55±0.65 a 
Smoking 6.64±0.05 a 8.66±0.8 bc 5.69±0.9 a 
Smoking with oil ND1 5.53±0.35 a ND 

1ND, non-detected 
 

3.4 Discussion 

Food preservation methods should be carefully selected to ensure that food spoilage will be 

prevented and that food nutritional values will be preserved as much as possible (Masette & 

Kwetegyeka, 2013; Smid & Gorris, 2007). Here we evaluated five distinct bivalves preservation 

methods to verify which was the technique that allowed higher nutritional values preservation and 

lower microbiological and other pollutants contamination to ensure bivalves quality and suitability for 

human consumption.  

Mercury maximum levels in fishery products (including molluscs) for human consumption were 

suggested by EFSA and established by EC at 0.50 μg/g wet weight (European Commission, 2006). 

Considering mercury levels of preserved bivalves per g wet weight, we verified that oysters mercury 

contamination ranged from ≈0.018 ± 0.001 to ≈0.007 ± 0.001 μg/g wet weight in dry salted and 

smoked with oil samples, respectively; and mussels mercury levels ranged from ≈0.020 ± 0.001 to 

≈0.004 ± 0.001 μg/g wet weight in dry salted and smoked organisms, respectively. Therefore, oysters 

and mussels preserved by the presented artisanal methods seem safe for human consumption 

concerning mercury contamination, since this pollutant values were at least 25 times lower than the 

maximum levels accepted in fishery products.  
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Cooked (boiled and grilled) and smoked samples experience water loss during culinary treatment 

which leads to an increase in total mercury level in sea products (Afonso et al., 2015; Knowles et al., 

2003). It also has been shown that dried and salted fish have higher mercury values than fresh ones 

since dehydration concentrates the metal level in fish muscle tissues (Elrais et al., 2018; Jeevanaraj 

et al., 2020). In fact, preserved oysters had significantly higher mercury levels than fresh samples 

and the driest samples (sun-dried oysters) had the highest mercury contamination, ≈0.051 ± 0.003 

μg/g organism. Preserved mussels (except for brine salted organisms) also had significantly higher 

mercury levels than fresh mussels and sun-dried mussels had the highest mean mercury 

contamination, ≈0.061 ± 0.006 μg/g organism. Furthermore, brine salting was the developed 

preservation method that removed less water content from samples, since bivalves were immersed 

in a watery solution with NaCl. So, this lower water loss might explain the similar mercury levels of 

fresh and brine salted mussels. 

Handling and de-shelling of bivalve samples prior and during its preservation might have affected 

their microplastic contamination (e.g., airborne contamination with synthetic fibres from clothes) (Li 

et al., 2018; Lusher et al., 2017) since they were more manipulated and exposed than fresh bivalves, 

that were not extracted from their shells. In fact, higher microplastics contamination has been 

detected in processed mussels (frozen and pre-cooked) rather than in live/fresh mussels provided 

by supermarkets in the U.K., possibly due to handling along the processing chain (Li et al., 2018). 

Moreover, water loss due to preservation techniques can lead to higher concentration of pollutants 

in dry, salted and smoked organisms (Jeevanaraj et al., 2020; Knowles et al., 2003). Microplastics 

might have increased their concentration in preserved samples because of their dehydration. 

Actually, oyster samples revealed this manipulation and water loss impact as oysters preserved with 

the five distinct conservation methods had significantly higher microplastics contamination than fresh 

S. cucullata organisms. However, mussel samples did not show this pattern and there were not 

significant differences among fresh and preserved M. philippinarum individuals. The boiling treatment 

applied to all oyster and mussel samples prior to their preservation could have also affected the 

number of microplastic particles detected in the analysed organisms. Some types of microplastic 

particles can melt and be completely lost when exposed to temperatures over 70°C (Munno et al., 

2018). So, some microplastic particle might have been destroyed due to the initial boiling treatment, 

namely in mussels. Mussels used in this study were small (shell length were less than 3 cm) and 

their shells opened really fast during the boiling treatment. This could have contributed to higher 

particle losses in mussels hiding the microplastics increment due to water loss and manipulation in 

preserved organisms and their differentiation from fresh mussels. However, as all oyster and 

mussels’ samples were submitted to this boiling treatment it did not influence differences among 

distinct preservation methods.  

In this study we used 10% KOH to digest biological tissues for microplastics quantification. Alkaline 

solutions disintegrate soft tissues by dissolving proteins and fats (Masse et al., 2001; Undeland et 

al., 2002) and the suitability of this alkaline solution for bivalve digestion without inducing several 
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plastic polymers degradation have already been shown (Kühn et al., 2017).  Nevertheless, even 

though we left our samples digesting with 10% KOH for 96h, some of our filters still had a bit of 

biological material, possibly affecting our microplastics counting. In fact, we noticed the presence of 

fat compounds in some filters, which prevented the most accurate counting of microplastic particles 

in filters “polluted” area. Due to their reduced water content, KOH might have taken longer to get into 

soft tissues from preserved drier samples (sun-dried and smoked organisms) so digestion was 

slower. Strong acid solutions could have digested our samples biological tissues more efficiently 

since they accelerate soft tissues break down (Karami et al., 2017). However, they are the least 

advisable reagents for microplastics quantification since acid solutions can degrade plastic polymers, 

fusing and discolouring them potentially underestimating microplastics in organisms (Avio et al., 

2015; Claessens et al., 2013; Dehaut et al., 2016). So, an increased period of time of samples under 

the effect of KOH might have enhanced soft tissues break down and decreased filters contamination 

with biological compounds.  

We noticed high variability in data concerning microplastics contamination in both oyster and mussel 

samples. Due to microplastics diverse density, size and shape they tend to have a heterogeneous 

dispersion throughout the water column and sediments (Claessens et al., 2013; Oni et al., 2020) 

which can lead to a great variability in bivalve contamination with this contaminant. Due to this great 

variability, we could not detect significant differences in microplastics contamination among the five 

preservation methods applied to oyster and mussel samples. 

Microplastic particles in commercial sea, lake and rock salts from different countries have already 

been detected (Gündoğdu, 2018; Karami et al., 2017; Seth & Shriwastav, 2018). In fact, Seth & 

Shriwastav (2018) verified that microplastics contamination of commercialised sea salts from India 

could reach high values (103 ± 39 particles/kg of salt). So, salted samples might have revealed an 

increased microplastics contamination because the salt used to preserve them could have 

microplastics that contributed to their contamination (Lee et al., 2019).  

Oil patches in smoked with oil bivalve filters might have affected microplastics counting, since oil 

reveals red-orange fluorescence patches with Nile Red under blue light, possibly hindering 

microplastics identification. In addition, oil is also used to extract microplastics, so its application in 

the preservation method could, somehow, had influenced their transition and elimination from bivalve 

tissues (Mani et al., 2019). 

There is no legislation concerning microplastics contamination in food items for human consumption 

(EFSA Panel on Contaminants in the Food Chain (CONTAM), 2016). The average number of 

microplastics detected in preserved S. cucullata oysters and M. philippinarum mussels from 

Mozambique was mostly higher than the mean values of microplastics identified in shellfish in other 

global studies (Ding et al., 2020). We suggest that analytical methods (e.g., FTIR) should be 

developed in future studies to verify the amount of microplastics content and to ensure the quality of 

preserved oysters and mussels by artisanal methods.    
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Fresh organisms presented the highest LPO levels among mussel samples and one of the lowest 

among oyster samples. LPO might have been high in fresh mussels due to constraints during their 

transportation after being gathered in Mecúfi village. This period between their collection from the 

seacoast and their freezing could have enhanced mussels LPO levels, since their shells opened 

easily, and they were exposed to undesirable conditions. In contrast, oysters kept their shells tightly 

closed after being collected from the oyster bank, so they were not as much exposed as mussels to 

unsuitable environmental conditions. Preserved bivalves were boiled prior to their preservation and 

boiling can increase LPO levels proportionally to the boiling time (Qiu et al., 2019). In fact, preserved 

oysters had higher LPO levels than fresh oysters and due to their longer boiling time they also had 

higher LPO levels than preserved mussels. Concerning preserved bivalves, LPO was significantly 

higher in sun-dried and in smoked with oil preserved oysters and mussels. Sun-drying method can 

accelerate lipid oxidation due to photosensitization, since sunlight exposure stimulates the 

transformation of triplet to singlet oxygen by photosensitizers (e.g., myoglobin) which is a very strong 

oxidant and enhances lipid oxidation (Chaijan et al., 2017). Also, smoked with oil oysters and mussels 

had an increased lipid content due to samples oil dipping, so there was a higher amount of lipids 

likely to be oxidated. Besides, smoked oysters and smoked with oil mussels significantly increased 

LPO values from day 3 to 15. During smoking process phenolic antioxidant compounds in the smoke 

are absorbed by food items and retard lipid oxidation (Pittia & Antonello, 2016). Increment of LPO 

values from day 3 to 15 in smoked oysters and smoked with oil mussels might reflect the short time 

of our smoking process (45 min) and the fewer deposition of antioxidant compounds present in the 

smoke on bivalves. Furthermore, it has been shown that salt can have a pro-oxidant effect on fish, 

leading to higher lipid oxidation (Shimizu et al., 2009) since it can disrupt cell membrane integrity 

enabling greater access of oxidative components to lipid substrates (Rhee, 1999). However, Kong 

et al. (2008) did not detect effects of salt on fish LPO levels. In this study brine and dry salted bivalves 

had low LPO levels, so salt did not have major impacts on oysters and mussels’ samples during the 

first fifteen days of their storage. Moreover, dry salted oysters after 3 days of preservation and dry 

salted mussels after 15 days of storage revealed significantly higher LPO levels than brine salted 

bivalves with the same preservation days. In fact, other studies had already shown that dry salting 

leaded to higher LPO and lower oxidative stability in fish than wet/brine salting (Chaijan, 2011; Vidal 

et al., 2015) because of limited oxygen levels in the brine solution (Horner, 1997).  

Salting, sun-drying and smoking preservation techniques reduce water content in bivalves and fish 

(Kyriazi-Papadopoulou et al., 2003; Masette & Kwetegyeka, 2013; Turan et al., 2007). It has been 

shown that smoking reduces mussels’ moisture content, leading to an increase in their protein and 

lipid content (Kyriazi-Papadopoulou et al., 2003; Turan et al., 2008). Water loss in mussels also leads 

to an increase of their carbohydrates content (Goulas, 2008). In fact, we verified that fresh bivalves 

revealed significantly lower energetic reserves (lipids, sugar and protein) than some preserved 

samples, which was due to water loss and nutrients concentration in preserved oysters and mussels.  
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Concerning bivalves’ lipid content, it was significantly higher in smoked with oil oysters and mussels 

since bivalves were dipped in oil prior to the smoking process, which contributed to an increase of 

samples lipidic content masking bivalve intrinsic lipid content.  

Sugar content was significantly higher in sun-dried mussels (t3) and it was also higher in sun-dried 

oysters (t3). Sun-drying was the developed preservation technique that resulted in drier samples in 

the short storage period analysed (3 and 15 days after preservation). So, due to less water content 

sun-dried oysters and mussels presented higher sugar levels. Moreover, brine salted bivalves 

(specially mussels) had low sugar content instead of showing higher content as organisms preserved 

with the remaining preservation methods. As mentioned before, brine salting consisted of immersing 

bivalves in a watery solution with NaCl, so these samples experienced less water loss during the 

storage period analysed than individuals preserved with the remaining preservation techniques. 

Longer storage periods might reduce brine and dry salted bivalves sugar content since it decreased 

from 3 to 15 preservation days in salted oysters.  

Proteins can undergo partial denaturation and lose some amino acids when are submitted to high 

temperatures (e.g., high heat smoking process) reducing their bioavailability (Horner, 1997; Pittia & 

Antonello, 2016). In fact, sun-dried, smoked and smoked with oil oysters after 3 days of preservations 

had significantly lower protein content than salted individuals after 3 days of storage. Although all 

samples were boiled prior to their preservation, these three preservation methods implied oyster 

submission to higher temperatures for longer periods of time due to solar exposure and smoking 

process. So, this longer exposure to high temperatures might have reduced sun-dried, smoked and 

smoked with oil oyster protein content. Moreover, some smoke components can react with amino 

acids from food items, also reducing their protein content (Horner, 1997). In fact, smoked and smoked 

with oil mussels after 15 days of preservation also had significantly lower protein content than the 

remaining t15 mussel treatments. Additionally, smoked and smoked with oil mussels reduced their 

protein content from 3 to 15 preservation days, which can be related to the negative effects of smoke 

components on mussel proteins. 

Microbial growth was higher in sun-dried oysters and mussels in all the three media (CCA, TSA and 

TCBS). Sun-dried samples were placed in sieves and left to dry under solar exposure without any 

covering. Samples were not protected from flies and sieves could had been contaminated with 

microorganisms, which might have contributed to sun-dried coliform (CCA), salt-water 

microorganisms (TSA) and Vibrio spp. (TCBS) contamination. Besides, in sun-dried bivalves the only 

mechanism preventing microbial growth is water removal from oysters and mussels’ tissues, contrary 

to salted and smoked samples, where salt and smoke components contribute to hinder microbial 

proliferation. Moreover, smoked mussels also revealed high microbial growth in the three media. The 

retarding effect of smoking on the growth of bacteria that can potential spoil food items depends on 

different factors like the duration of smoking, the concentration of active compounds in the smoke 

and the temperature of heating (Kyriazi-Papadopoulou et al., 2003). Our smoking process only lasted 

45 min, so we believe that there was not enough time for bivalves to lose the ideal water content to 
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efficiently prevent microbial growth. Besides, longer smoking processes enable higher absorption of 

compounds present in the smoke on bivalves.  

All bivalve samples were immersed in freshwater from the village well prior their preservation. Access 

to potable water is scarce in Cabo Delgado, so water for domestic use is taken from artisanal 

sources, like village wells with uncontrolled water quality (Araújo & Silva, 2015; INE, 2021). This 

water could have contributed to microbial contamination of our samples (coliforms and Vibrio spp.), 

namely the brine salted bivalves whose brine was made using well’s water. We also verified that 

microbial growth in TSA medium was significantly lower in dry salted and smoked with oil mussels. 

In fact, oil creates an anaerobic environment in the food item and inhibits bacterial grow (Ofulla et 

al., 2011) and the decreasing water content and increasing salt concentration in bivalves and fish 

flesh hinder spoilage microbial growth (Horner, 1997; Ofulla et al., 2011; Turan et al., 2007). 

Sun-dried oysters and mussels and smoked mussels had higher microbial growth in TCBS medium 

where Vibrio spp. preferentially growth. The Vibrio genus includes different pathogenic species, 

namely bacteria that cause gastroenteritis (V. parahaemolyticus) and the well-known cholera disease 

(V. cholerae) (Donovan & Van Netten, 1995). So, these preserved samples should be avoided for 

human consumption. 

 

3.5 Conclusions     

We verified that dry salting was the method that allowed a higher preservation of oysters and mussel 

protein content while having low LPO, mercury, microplastic and microbial contamination.  

Future studies should include fatty acids profile to verify if important polyunsaturated fatty acid 

(PUFA) with valuable properties for human health (e.g., prevention of cardiovascular diseases), like 

eicosapentaenoic acid (EPA) C20:5 n-3 and docosahexaenoic acid (DHA) C22:6 n-3 (Biandolino et 

al., 2021; Stark, 2008) are affected by the different bivalves’ preservation methods. Moreover, future 

studies could include an evaluation of sensory attributes (smell, taste and texture) of bivalves 

preserved through distinct preservation techniques to assess consumers preference. 
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4. Community-based aquaculture of Modiolus philippinarum mussels in the North of 

Mozambique: production optimization  

 

4.1 Introduction 

Community-based aquaculture founded on the principles of common interests of a community is a 

practice able to fulfil people needs through an implementation of a low-technological and extensive 

production leaded by a community group (Ananth et al., 2014). This aquaculture system is a 

sustainable alternative to traditional and artisanal fishing practices providing protein source and 

income to local coastal communities and diversifying their livelihoods (Ananth et al., 2014; 

Ateweberhan et al., 2014). Besides, community-based aquaculture contributes to alleviate the 

pressure on marine resources harvesting and to improve coastal marine ecosystems conservation 

(Ateweberhan et al., 2014).  

Marine resources in Cabo Delgado province, North of Mozambique have been declining due to 

overfishing and unsustainable fishing practices (Rosendo et al., 2020; Wanyonyi et al., 2011). 

Coastal communities in this region heavily rely on marine resources for food and income (Bilika et 

al., 2019; Souto, 2015). So, to enable coastal marine resources to recover and to ensure these 

communities livelihoods based on marine resources, it is urgent to implement a better fishing 

practices management (Rosendo et al., 2020).   

Implementation of a community-based aquaculture in Cabo Delgado villages fulfil different 

Mozambique policies and strategies aiming to reduce poverty, to increase sustainable and 

community management of marine resources and to improve biodiversity conservation. The 

Fisheries Law (Law n. 22/2013) and the Conservation Law (Law n. 5/2017) of Mozambique highlights 

the importance of community management of marine resources to ensure their rights to fishing 

resources and the role of local communities in marine ecosystems conservation through a more 

sustainable exploitation of their resources (Rosendo et al., 2020). Moreover, Mozambique’s National 

Development Strategy (2015-2030), the Fisheries Master Plan (2010-2019) objective 2 and the new 

Sea Policy and Strategy (2017) cornerstone C prioritise, respectively: sustainable management of 

natural resources; increase welfare of small-scale aquaculture productions and artisanal fishing 

communities; preservation of natural resources for the communities’ wellbeing (Rosendo et al., 

2020). 

Bivalves are organisms that can be easily produced by community-based aquaculture. These 

organisms are filter-feeders removing large quantities of organic matter from the water column 

(Cranford et al., 2003; Kellogg et al., 2013), so communities do not have to provide them food since 

it is provided by the environment itself. Due to their filtering capacity, bivalves help avoiding excessive 

phytoplankton blooms in estuaries and coastal waters that might occur because of increased nitrogen 

levels coming from anthropogenic activities (Gallardi, 2014). Bivalves also have the ability to enhance 
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water clarity by removing suspended inorganic sediments, allowing higher light penetration in the 

water column (Gallardi, 2014; Newell, 2004; Newell & Koch, 2004). This can improve seagrasses 

growth which are important nursery and carbon sink habitats (Duarte et al., 2010; Newell & Koch, 

2004). Bivalves are also low trophic organisms so their extensive aquaculture production will have a 

reduced environmental impact and it will contribute to carbon sequestration, a regulating ecosystem 

service (Gentry et al., 2020; Olivier et al., 2020). 

Even though bivalves filter-feeding behaviour presents great advantages to the surrounding 

environment and to producers that implement a community-based aquaculture with these organisms, 

it can also have some drawbacks. Bivalves can heavily accumulate contaminants in their body 

tissues (e.g., heavy metals and microplastics) due to the large amount of water filtered by them 

during their feeding activity (Li et al., 2015; Naimo, 1995; Wright et al., 2013). Contaminants like 

mercury and microplastics can increase their levels in coastal waters through river discharges and 

surface runoff that carry out waste products and debris resulting from anthropogenic activities 

(Cheung et al., 2016; Lebreton et al., 2017; Saniewska et al., 2014). So, bivalves’ community-based 

aquaculture implemented in coastal waters polluted with mercury and microplastics will potentially 

reduce their suitability for human consumption due to negative impacts of these contaminants in 

human health (Mahler et al., 2012; Park & Zheng, 2012; Saniewska et al., 2014; Thiele et al., 2019). 

Most of bivalves captures in Cabo Delgado are undertaken by women in mangrove and seagrass 

meadows intertidal ecosystems (Fernando et al., 2012). Developing a community-based aquaculture 

of bivalves leaded by women is a way to avoid the intensive resource exploitation of those important 

coastal ecosystems (Rosendo et al., 2020). Moreover, women are among the lowest socioeconomic 

status in Cabo Delgado, and they hardly can manage how their family income is spent (De Brauw, 

2015). Besides, men are commonly fed first than women, even if the food is scarce due to socio-

cultural factors (Lusambili et al., 2020). So, a bivalve community-based aquaculture leaded by 

women can be a strategy to increase women entrepreneurship, income, and livelihoods in Cabo 

Delgado.  

We implemented a community-based aquaculture of the native Modiolus philippinarum mussel in two 

villages of Cabo Delgado, Mecúfi and Metuge with the help of villagers. We performed biometric 

measurements and we analysed mercury and microplastics concentration and oxidative damage and 

energy-related biomarkers of aquaculture-produced mussels in the two villages. Our main goal was 

to verify which was the best location for M. philippinarum community-based aquaculture. 

 

 

 

 



46 
 

4.2 Materials and methods 

 

4.2.1 Study area 

This study was carried out in the villages of Mecúfi (-13,288677 S, 40,558873 E) and Metuge (-

12.971234 S, 40.414297 E), in the North coast of Mozambique. In Mecúfi the study site was placed 

in a river estuary, surrounded by mangrove and in Metuge the study site was also next to a mangrove 

forest, inside Pemba Bay. 

 

4.2.2 Experimental procedure 

In September 2019 we collected mussels from the seacoast nearby Mecúfi with women villagers 

(Fig. 23). Wood-tables 2,5x1 m were made with the villagers of Mecúfi and Metuge using wood of 

Moringa sp. and Casuarina sp., which was picked up by them in the surrounding of the villages. 

Wood sticks were attached to each other with plastic clamps (Fig. 24). 

 

Fig. 23 – M. philippinarum mussels gathered by women villagers to introduce in aquaculture bags. 

In Mecúfi we built two wood-tables, one closer to the mangrove and one further away. Four plastic 

oyster bags 100x50 cm, mesh size 1 cm, were tied up with sisal rope to each of the wood-tables at 

1 m from the ground. In each bag we introduced 200 mussels (n=4). The table further the mangrove 

was submerged in sand and our samples were lost. So, from now on we will consider only the table 

placed next to the mangrove forest when we refer to Mecúfi samples.  

In Metuge we built one wood-table next to an oyster bank following the same procedure as in Mecúfi. 

We tied up two bags to the table and each one of them was divided in two, so we also had four 

replicates (n=4). In each half we introduced 145 mussels (collected in Mecúfi seacoast).  
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Physicochemical water parameters (water oxygen, temperature, pH, salinity and conductivity) were 

measured in Mecúfi in September 2019 (ti) and in this same village and in Metuge six months after, 

in March 2020 (tf) using a digital multiparameter (WTW 2FD460 Multi 3420). 

 

Fig. 24 – Aquaculture wood-table built in Mecúfi village. 

Using mussel samples from the beginning of the aquaculture experiment and six months after we 

did biometric measurements, mercury analysis, microplastics quantification and oxidative damage 

(lipid peroxidation) and biochemical biomarkers analysis (lipids, sugars and proteins).   

 

4.2.3 Biometric measurements 

In September, we measured 96 mussels collected from their original locations in Mecúfi: half (48) 

were included in Mecúfi aquaculture tables (t0 Mecúfi), and the other half were grown in aquaculture 

tables in Metuge (t0 Metuge). In Mecúfi and Metuge, for each of the four replicates we measured 12 

mussels in March (tf). With a calliper with an accuracy of 0.5 mm we measured the maximum length, 

width and height of mussels (cm) and using a mini electronic balance with an accuracy of 0.01 g we 

accessed mussels’ total, shell and edible weight (g). We calculated the increment in mussel’s shell 

measurements and weights throughout the experiment in the two different locations by performing 

the difference between the mean value of each parameter in September (t0) and March (tf). We also 

registered mussels’ survival six months after the beginning of the experiment (tf) in the tables of the 

two villages. 

 

4.2.4 Mercury quantification 

Mercury was quantified (μg/g wet weight) in mussels (n=10 in ti and tf) collected from the seacoast of 

Mecúfi (ti) and from aquaculture wood-tables in Mecúfi and Metuge (tf) by atomic absorption 
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spectrophotometry using an Advanced Mercury Analyser (AMA) LECO 254 according to the 

methodology described in chapter 2. 

 

4.2.5 Microplastics extraction and quantification from biological tissues 

M. philippinarum (n=10 in ti and tf) was collected from its original location in Mecúfi seacoast (ti) and 

from aquaculture tables in Mecúfi and Metuge (tf) and microplastics quantification (microplastic 

particles/g wet weight) followed the protocol described in chapter 2. 

 

4.2.6 Oxidative damage and energy-related biomarkers analysis 

Mussels (n=10 in ti and tf) were collected from their original location in Mecúfi (ti) and from aquaculture 

sites in Mecúfi and Metuge (tf) and oxidative damage (nmol TBARS/g wet weight) and energy-related 

(mJ/mg wet weight) biomarkers analysis followed the protocol described in chapter 2. 

 

4.2.7 Data analysis 

Differences among M. philippinarum collected from Mecúfi seacoast in September (ti) (that were 

subsequently introduced in aquaculture tables) and M. philippinarum collected in March (tf) from 

aquaculture wood-tables in Mecúfi and Metuge were analysed. Concerning mussels’ biometric 

measurements, we analysed differences between mussels’ measurements used in aquaculture 

tables in both locations in t0 and tf. Weight measurements were not compared in t0 between both 

locations because although we measured mussels’ length, width and height of individuals that were 

integrated in Metuge aquaculture tables, we did not measure their initial weight. We also compared 

mussel biometric measurements in the beginning of the aquaculture experiment (t0) and six months 

after (tf) in Mecúfi and in Metuge. These comparisons were made by Independent-Samples t-test 

with a significance level of 5%. The Shapiro-Wilk test was used to verify if our data followed a normal 

distribution. When this assumption was not fulfilled, we performed a Mann-Whitney non-parametric 

test. Original sample size was 48 in all biometric measurements, but we considered outliers values 

that fell out of the interval mean ± 2*standard deviation, so sample size varied between 46 and 48. 

Regarding mercury, microplastics and biomarkers these differences were analysed by one-way 

analysis of variance (ANOVA) with a significance level of 5%, followed by SNK multiple comparison 

tests when significant differences were found. The Shapiro-Wilk test was used to verify if our data 

followed a normal distribution and the Levene test was used to verify the assumption of homogeneity 

of variance. When needed, data were transformed in order to fulfil these two assumptions. Original 

sample size was ten in mercury, microplastics and biomarkers, however we considered outliers 

values that fell out of the interval mean ± 2*standard deviation, so sample size varied between nine 

and ten. All these procedures were conducted using IBM SPSS Statistics 25. 



49 
 

4.3 Results 

 

4.3.1 Physicochemical water parameters 

Physicochemical seawater parameters measured in Mecúfi in September 2019 (ti) and in Mecúfi and 

Metuge in March 2020 (tf) are presented in Table 1 (chapter 2). In March (tf), seawater oxygen was 

slightly higher in Mecúfi (8.29 mg/l) than in Metuge (7.74 mg/l). Seawater temperature, pH, salinity 

and conductivity were similar in both locations in March. In Mecúfi, seawater temperature increased 

a little from ti (28.4°C) to tf (29.9°C) and salinity and conductivity decreased from ti (34.8 and 52.6 

mS/cm) to tf (32.1 and 48.8 mS/cm). 

 

4.3.2 Biometric measurements and survival 

Mussels mean percentage of survival was slightly higher in Metuge (36.2 ± 18.3%) than in Mecúfi 

bags (31.5 ± 6.5%).  

As expected, all mussel biometric measurements were significantly higher in tf than in t0 in Mecúfi 

and Metuge tables (Table S9). So, mussels grown in aquaculture wood-tables in both locations 

significantly increased their shell measurements and weight.  

Concerning shells measurements, (Fig. 25) in t0 these values were significantly lower in mussels 

introduced in Metuge aquaculture table than in Mecúfi table (Table S9). However, in tf there were no 

significant differences between mussels grown in these two locations (Table S9). These observations 

revealed that mussels grown in Metuge aquaculture tables had higher length, width and height 

increment than mussels grown in Mecúfi tables (Fig. 25). 

Concerning mussel weight (Fig. 26), in t0 there were no significant differences between mussels 

introduced in Mecúfi and in Metuge aquaculture tables (Table S9). Nevertheless, in tf mussel weights 

were significantly higher in Metuge than in Mecúfi (Table S9). So, higher increments were also 

detected in mussels grown in Metuge tables than in Mecúfi tables. 
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Fig. 25 – Length, width and height (mean ± s.e.) of M. philippinarum mussels introduced in 

aquaculture tables in September (t0) in Mecúfi and Metuge and mussels from these same tables in 

March (tf). Significant differences detected between t0 and tf in Mecúfi and Metuge are represented 

by * and significant differences detected during the same sampling period (t0 and/or tf ) in Mecúfi and 

Metuge are represented by #. 

 

 

Fig. 26 – Total, edible and shell weight (mean ± s.e.) of M. philippinarum mussels introduced in 

aquaculture tables in Mecúfi and Metuge in September (t0) and mussels from these same tables in 

March (tf). Significant differences detected between t0 and tf in Mecúfi and Metuge are represented 

by * and significant differences detected during the same sampling period (t0 and/or tf ) in Mecúfi and 

Metuge are represented by #. 
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4.3.3 Mercury contamination 

Mercury contamination of M. philippinarum mussels was significantly higher in ti than in tf in Mecúfi 

and Metuge (Fig. 27, Table S10). In tf, there were no significant differences in mercury contamination 

Between M. philippinarum individuals grown in Mecúfi and Metuge. 

 

 

 

Fig. 27 - Mercury (μg/g wet weight) contamination (mean ± s.e.) of M. philippinarum mussels from 

the beginning of the aquaculture experiment from Mecúfi seacoast (ti) and from aquaculture wood-

tables in Mecúfi and Metuge six months after (tf). Significant differences detected are represented by 

different letters (a,b) (SNK post hoc test).  

 

4.3.4 Microplastics contamination 

Mussel microplastics contamination was significantly higher in tf  Mecúfi than in ti and tf Metuge (Fig. 

28, Table S10). 
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Fig. 28 - Microplastics contamination (microplastic particles/g wet weight) (mean ± s.e.) of M. 

philippinarum mussels from Mecúfi seacoast in September (tfi) and from aquaculture wood-tables in 

Mecúfi and Metuge six months after (tf). Significant differences detected are represented by different 

letters (a,b) (SNK post hoc test). 

 

4.3.5 Oxidative damage and energy-related biomarkers analysis 

We did not find significant differences between mussel LPO in ti and tf in Mecúfi (Fig. 29, Table S10). 

However, LPO was significantly higher in tf mussels grown in aquaculture tables in Metuge than in 

the two previously described scenarios (Fig. 29, Table S10).  

There were no significant differences in mussels’ lipid content concerning ti individuals and tf mussels 

collected from aquaculture wood-tables in Metuge (Fig. 30, Table S10). On the other hand, lipid 

content of tf mussels from Mecúfi aquaculture tables was significantly lower than in the two previously 

described scenarios (Fig. 30, Table S10). 

The highest sugar content was detected in ti mussels. Concerning tf mussels, the ones that grew in 

Metuge had significantly higher sugar content than the ones that grew in Mecúfi (Fig. 31, Table S10). 

There were no significant differences in the protein content of ti and tf mussels grown in the 

aquaculture table in Mecúfi. However, tf mussels collected from aquaculture bags in Metuge had 

significantly higher protein than in ti and tf in Mecúfi (Fig. 32, Table S10). 
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Fig. 29 - LPO (nmol TBARS/g wet weight) (mean ± s.e.) of M. philippinarum mussels from the 

beginning of the aquaculture experiment from Mecúfi seacoast (ti) and from aquaculture wood-tables 

in Mecúfi and Metuge six months after (tf). Significant differences detected are represented by 

different letters (a,b) (SNK post hoc test).  

 

 

Fig. 30 - Lipids (mJ lipid/mg wet weight) (mean ± s.e.) of M. philippinarum mussels from Mecúfi 

seacoast (ti) and from aquaculture wood-tables in Mecúfi and Metuge six months after (tf). Significant 

differences detected are represented by different letters (a,b) (SNK post hoc test).  
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Fig. 31 - Sugars (mJ sugar/mg wet weight) (mean ± s.e.) of M. philippinarum mussels from the 

beginning of the aquaculture experiment from Mecúfi seacoast (ti) and from aquaculture wood-tables 

in Mecúfi and Metuge six months after (tf). Significant differences detected are represented by 

different letters (a,b,c) (SNK post hoc test).  

 

 

Fig. 32 - Proteins (mJ protein/mg wet weight) (mean ± s.e.) of M. philippinarum mussels from Mecúfi 

seacoast (ti) and from aquaculture wood-tables in Mecúfi and Metuge six months after (tf). Significant 

differences detected are represented by different letters (a,b) (SNK post hoc test).  
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4.4 Discussion 

Unsustainable fishing practices have been depleting Cabo Delgado marine resources, namely 

bivalve molluscs stocks (Rosendo et al., 2020; Wanyonyi et al., 2011). A community-based 

aquaculture of M. philippinarum mussels leaded by women will favour this species recovery in its 

natural habitat and set the mote for future similar projects contributing to Cabo Delgado’s marine 

ecosystems conservation and to rise women entrepreneurship and income. So, to implement these 

aquaculture projects it is essential to verify the best location to optimize species growth and 

production to help ensuring local coastal communities’ livelihoods and income (Ananth et al., 2014; 

Ateweberhan et al., 2014). In the present study, M. philippinarum grown in aquaculture tables in 

Mecúfi and Metuge revealed different survival rates and biometric increments. Mussels grown in 

Metuge had higher survival rate and higher shell and weight increment during our six-month 

aquaculture experiment. Although their survival rate was higher in Metuge (36.2 ± 18.3%) than in 

Mecúfi bags (31.5 ± 6.5%), it was still a bit low in a production perspective. We hypothesise that this 

reduced value is owed to predators, since mangrove areas provide a large range of niches supporting 

high biodiversity levels (Hendy et al., 2014). In accordance, while collecting our samples from Metuge 

aquaculture-bags we noticed the presence of crabs. Moreover, in Mecúfi we detected a higher 

number and diversity of M. philippinarum predators, which included crabs and sea snails. Despite 

that, biometric measurements highlighted that both areas are favourable to the growth of mussels 

since they grew and fattened in both locations, from t0 to tf. However, shell and weight increment 

were significantly higher in M. philippinarum grown in aquaculture bags in Metuge than in Mecúfi. In 

Mecúfi the study site was placed in a river estuary next to a mangrove forest, where we expected to 

be abundant organic matter in the water which would favour bivalve growth. However, this mangrove 

forest has been continuously destroyed to build salt pans. Moreover, in Metuge the mangrove forest 

in the surrounding area of the aquaculture table was better preserved. Mangroves provide significant 

amounts of dissolved and microparticulate organic matter to estuarine areas (Dittmar et al., 2001; 

Jaffé et al., 2004). Better preserved mangrove forests can contribute in a higher scale to increase 

organic matter in the surrounding waters than mangrove habitats that have been degraded and 

devastated. Therefore, the mangrove forest nearby mussels’ aquaculture table in Metuge provides 

higher organic matter inputs to the surrounding waters increasing food availability to bivalves. So, 

mussels grown in Metuge aquaculture bags will be more likely to have higher shell and weight 

increment than mussels grown in Mecúfi aquaculture table. 

Mercury levels decreased with mussel growth from ti to tf possibly due to growth dilution effect 

(Otchere et al., 2003). Moreover, since individuals present in the bags were gathered in Mecúfi 

seacoast in September, aquaculture tables might have been placed in locations with lower mercury 

contamination. Besides the location, seasons might also have influenced mussels’ mercury 

contamination. In the North of Mozambique there are two seasons: the dry season (May-November) 

and the wet season (December-April) (Pemba Climate: Temperature, Climograph and Climate Table 

for Pemba – Climate-Data.org, n.d.; Rrokaj & Corti, 2019). During dry season, in September (ti), 
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mussels were gathered from the seacoast of Mecúfi and introduced in aquaculture tables placed in 

the final part of a river estuary in Mecúfi and inside Pemba Bay, next to a mangrove forest in Metuge. 

Due to heavy rains, during wet season, pollutants get flushed out from estuaries (Chakraborty et al., 

2019). In fact, in March (tf, during wet season), mussels mercury contamination from Mecúfi 

aquaculture bags was lower than specimens from this village seacoast in September (ti, dry season). 

Since Mecúfi aquaculture table was inside the river estuary instead of being in the exposed seacoast 

(outside the estuary), mercury might have been flushed out by rain from the estuarine region and 

mussels did not accumulate much of this heavy metal in this location during this period. Mercury 

contamination in mussels from Metuge (≈0.010 ± 0.001 μg/g wet weight) was similar to the one 

detected in oysters from this same location during wet season (≈0.009 ± 0.001 μg/g wet weight) (see 

Chapter 2). In Chapter 2 we have already noticed that mercury pollution levels in bivalves from 

Metuge were lower than in bivalves from Mecúfi seacoast. This distinct M. philippinarum mercury 

contamination might reflect the different pollution levels of this heavy metal in its occurring habitats, 

since due to their filter feeding activity, bivalves reflect their surrounding seawater pollution (Newman 

& McIntosh, 1982). We also verified this different mercury contamination of M. philippinarum mussels 

when looking at other study involving this species. M. philippinarum mercury content was lower in 

Mecúfi (≈0.057 ± 0.004 and ≈0.046 ± 0.002 μg/g dry weight in September and March, respectively) 

and in Metuge (≈0.043 ± 0.002 μg/g dry weight in March) than in specimens of this species sold in 

Northern China markets (0.22 ± 0.04 μg/g dry weight) (Zhao et al., 2013). According to EFSA, 

mercury maximum levels in fishery products, including molluscs are 0.50 μg/g wet weight (European 

Commission, 2006). Mercury contamination values in the analysed samples were quite below the 

maximum levels accepted, so concerning this pollutant, mussels from Mecúfi and Metuge seem safe 

for human consumption. 

Mussels microplastics contamination was significantly higher in organisms grown in aquaculture 

bags in Mecúfi (tf) (≈46.2 ± 7.2 particles/g wet weight) than in ti mussels (≈7.7 ± 1.7 particles/g wet 

weight) and tf mussels collected from Metuge aquaculture table (≈2.6 ± 0.6 particles/g wet weight). 

Microplastics contamination of mussels collected from aquaculture bags in Metuge in March was 

similar to oysters’ contamination with this pollutant collected from this same location at the same time 

of the year (≈2.0 ± 0.6 particles/g wet weight) (see Chapter 2). Metuge might have less anthropogenic 

pressure and consequently less microplastics pollution in its waters than Mecúfi estuarine region. 

Moreover, mangrove trees have been pointed out as good phytoremediators, as they extract heavy 

metals and other pollutants, like total petroleum hydrocarbons (TPH’s) (Chowdhury et al., 2015; 

Moreira et al., 2011; Rezaei et al., 2021). So, preserved mangrove forests accumulate larger 

amounts of contaminants, extracting them from the seawater and making them less accessible to 

marine organisms. This might be happening with microplastics. As mentioned before, Metuge 

mangrove forests are better preserved than the ones in Mecúfi, which can help explaining why 

mussels grown in Metuge aquaculture bags had significantly less microplastics than organisms 

grown in the Mecúfi table.  
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To our best knowledge, the present study is the first one quantifying microplastics in M. philippinarum 

mussels. As there are no maximum levels of microplastics established for food products for human 

consumption, we compared our results to other global studies. Microplastics detected in M. 

philippinarum in Metuge aquaculture table were within the average of the overall values verified in 

shellfish in other studies around the world (Awuor et al., 2020; Ding et al., 2020; Mayoma et al., 2020; 

Sparks, 2020). However, the number of microplastics quantified in M. philippinarum grown in Mecúfi 

aquaculture bags was above the average values of microplastics identified in shellfish in other global 

studies (Awuor et al., 2020; Ding et al., 2020; Mayoma et al., 2020; Sparks, 2020). We suggest that 

future studies including analytical methods (e.g., FTIR) should be developed to increase knowledge 

about microplastics content in bivalves inhabiting the North of Mozambique.  

Mussels LPO was significantly higher in Metuge than in Mecúfi (ti and tf). Biotic factors like predation 

risk leads to higher LPO levels (Janssens & Stoks, 2013). Moreover, LPO in bivalve molluscs can be 

increased because of reduced water quality due to heavy metals (e.g., mercury) and microplastics 

pollution (Bonnail et al., 2019; Oliveira et al., 2018). However, we did not consider that these biotic 

and abiotic factors leaded to higher LPO levels in mussels grown in Metuge table, since they had 

less mussel predators, lower microplastic contamination and similar mercury levels to mussels from 

Mecúfi bags. Additionally, LPO helps assessing oxidative stress in organisms which may vary 

throughout the year due to bivalves’ reproductive cycle, namely gonad ripening (Sheehan & Power, 

1999; Viarengo et al., 1991). While preparing mussel samples for mercury, microplastics and 

biomarkers analysis we noticed that some individuals from Metuge had internal orange masses with 

roe eggs. This maturation stage was only verified in organisms from Metuge, we did not detect any 

ti and tf individual from Mecúfi with roe eggs. So, considering that mercury and microplastics 

contamination were lower in this location, mussels higher LPO in Metuge might be mainly explained 

by gonad ripening and gametogenesis. 

Concerning energetic reserves measured in tf mussels from aquaculture tables, lipid, sugar and 

protein contents were significantly higher in organisms grown in Metuge than in Mecúfi. This might 

be due to higher food availability in Metuge because of a better-preserved mangrove forest in that 

region. Besides, higher energetic reserves in mussels grown in Metuge table might also be due to 

gonad ripening. Energetic reserves are crucial for bivalve growth and reproduction (Lodeiros et al., 

2001). These organisms have to storage energetic reserves before spawning, since they play a key 

role on gametogenesis (Dridi et al., 2007; Mitra et al., 2008; Mohan & Kalyani, 1989). In fact, as 

mentioned before we noticed that some tf mussels collected from Metuge aquaculture table had roe 

eggs. So, their higher energetic reserves might be related to their evident gonad ripening, which was 

not detected in any analysed mussel from Mecúfi aquaculture bags. Additionally, microplastics 

ingested by bivalves can decrease their energetic reserves (Bour et al., 2018). In fact, mussels grown 

in aquaculture bags in Mecúfi had significantly the highest microplastics contamination and 

significantly the lowest lipid and sugar contents. 
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4.5 Conclusions 

Six months after we started the aquaculture experiment, mussels grown on aquaculture table in 

Metuge had higher shell and weight increment, less microplastics contamination and significantly 

higher lipid, sugar and protein content than mussels grown on aquaculture bags in Mecúfi. So, a 

community-based aquaculture of M. philippinarum would be better succeeded if installed in Metuge 

rather than in Mecúfi, in those specific locations and concerning the analysed variables. Mecúfi tf 

mussels had significantly higher microplastic contamination and significantly lower sugar and lipid 

content than ti mussels, that had been gathered from Mecúfi seacoast six months earlier and 

introduced in the aquaculture table. So, we suggest that to implement a community-based 

aquaculture of this mussel species in Mecúfi a most suitable location nearby the village to promote 

mussels’ growth and development should be selected.  

Although we did not detect M. philippinarum seeds in natural banks in Metuge, it is known that after 

bivalves’ reproduction their larvae might settle on spat collector near the production site, which 

means that producers will reduce the collection of new individuals from natural banks to introduce in 

their production (Poirier et al., 2019; Sievers et al., 2014). We suggest that future studies include 

spat collectors nearby the aquaculture tables to gather new mussel seeds to ensure shellfish 

production continuity and avoiding gathering from natural banks and depletion of marine natural 

resources.  
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5. General conclusion 

In this study we analysed two native bivalve species, S. cucullata oysters and M. philippinarum 

mussels and their potential for community-based aquaculture in two villages in the North of 

Mozambique where LMMA have been established, Mecúfi and Metuge. 

We verified that both oysters and mussels were proper for human consumption throughout the whole 

year (during dry and wet seasons), concerning mercury contamination and oxidative damage and 

energy-related biomarkers. Moreover, the best period to collect oysters and mussels was during dry 

season since it was when they had higher nutrient contents and less pollutants (mercury and 

microplastics) contamination. However, according to literature, their higher energetic reserves could 

mean that these bivalve molluscs were in the pre-spawning phase, so a balance is needed in their 

collection to enable their spawning and future recruitment.  

Dry salting was the artisanal preservation method that most efficiently prevented microbial growth 

and that best kept protein nutritional qualities of oysters and mussels. So, it would be the best 

preservation technique to be applied in future aquaculture produced bivalves since it would better 

avoid their spoilage and enable their preservation for longer periods of time.  

M. philippinarum community-based aquaculture installed in Mecúfi and Metuge had different 

production performances, possibly due to the distinct preservation levels of the mangrove forests in 

the surrounding area. Mecúfi mangrove forest has been deeply destroyed contrary to Metuge 

mangrove forest and better-preserved mangrove forests can contribute with higher amounts of 

organic matter to the surrounding waters increasing food availability to bivalves. In fact, after six 

months of the community-based aquaculture implementation, mussels grown in Metuge had 

significantly higher shell and weight increment, less microplastics contamination and significantly 

higher nutritional content than mussels grown in Mecúfi. Therefore, we considered that a community-

based aquaculture of M. philippinarum mussels would be better succeeded if installed in Metuge, 

concerning the analysed variables. To start a community-based aquaculture of M. philippinarum 

mussels in Mecúfi we suggest that a different location nearby the village should be chosen. 

We did not implement a community-based aquaculture of S. cucullata since their seeds were hard 

to collect from the wild. However, we verified that S. cucullata oyster seeds widely settled on 

aquaculture bags from mussel aquaculture table in Metuge. We noted that S. cucullata seeds also 

settled on mussels’ empty shells from individuals that died/were predated in Metuge aquaculture 

table. The fact that Metuge aquaculture table where we grew M. philippinarum mussels was close to 

an oyster bank might have enhanced this settlement. We have already verified that S. cucullata 

oysters are proper for human consumption throughout the whole year (dry and wet seasons), 

concerning the analysed variables and that dry salting is the most suitable method to preserve them 

for longer periods after being collected. Moreover, we observed that S. cucullata seeds greatly settle 

on spat collectors, including natural ones (empty shells). So, the use of natural spat collectors to 
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gather seeds from this oyster species could be a good strategy to start a community-based 

aquaculture of S. cucullata oysters in Mecúfi and Metuge. 

We verified that in March, only six months after we have built aquaculture tables the one installed in 

Mecúfi was already occupied and used as refugee by different fish species, like longfin batfish (Platax 

teira), lionfish (Pterois spp.), butterfly fish (Chaetodon spp.) and puffer fish (Canthigaster spp.). This 

structure might function as an artificial reef and it can improve conservation of a wide range of marine 

species. Moreover, the colonization of aquaculture tables by fish species increases organic matter 

levels in the water enhancing bivalve growth.  

Community-based aquaculture of bivalves is also a great solution to ensure a reliable income for 

women as well as livelihoods for the whole coastal communities. These are small, sustainable and 

non-fed productions that can promote restoration and conservation of marine resources, reducing 

the impact in marine protected areas and in wild stocks. In fact, shellfish community-based 

aquaculture in the surrounding of marine protected areas can enhance water clarity and avoid 

eutrophication by filtering suspended sediments from the water (Gallardi, 2014; Newell & Koch, 2004; 

Rice, 2001). This increases light penetration in the water column improving seagrasses growth, 

which are important nursery and carbon sink habitats (Duarte et al., 2010; Newell & Koch, 2004) that 

exist nearby the aquaculture tables that we installed. So, bivalves’ community-based aquaculture not 

only reduces wild marine resources exploitation as it can improve important marine ecosystems. 
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Fig. S1: The first row of images refers to the original photos on the glass-fibre filter containing the 

digestates of representative samples stained with Nile Red (fresh mussel – replicate 5, dry salted 

oyster– replicate 5, and brine salted oyster– replicate 1). The second and third rows refer to the same 

images treated with red and green channels on Image J software, to facilitate the microplastics 

counting. The choice of the channel used for microplastics quantification was based on the 

fluorescence emitted by the particles (also considering the contrast with the background emitted by 

poorly-digested organic matter). 
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Table S1. Results of independent-samples t-test (TT) and Mann-Whitney non-parametric test (MW) 

between dry and wet season of oysters and mussels on different variables. Significant results are in 

bold. 

Variable Test Test statistic p-value Pattern 

Mercury oysters TT 3.660 0.002 Dry season < Wet season 

Mercury mussels MW 11.000 0.099 - 

Microplastics oysters MW 17.000 0.040 Dry season < Wet season 

Microplastics mussels TT 1.563 0.191 - 

LPO oysters TT -3.065 0.012 Wet season < Dry season 

LPO mussels TT 5.536 0.037 Dry season < Wet season 

Lipids oysters TT -8.377 <0.001 Wet season < Dry season 

Lipids mussels TT -5.247 <0.001 Wet season < Dry season 

Sugars oysters TT -5.194 <0.001 Wet season < Dry season 

Sugars mussels TT -3.799 0.002 Wet season < Dry season 

Proteins oysters TT -2.981 0.008 Wet season < Dry season 

Proteins mussels TT -3.209 0.008 Wet season < Dry season 

 

Table S2. Influence of each studied variable in PC1 and PC2 regarding oysters PCA aiming to verify 

which variable contributes the most to data segregation between dry and wet season.  

 PC1 PC2 

Mercury 0.4323228 0.3331995 

Microplastics 0.3025440 -0.5878644 

LPO -0.3656057 -0.3025626 

Lipids -0.4834307 0.2723503 

Sugars -0.4543563 0.3220739 

Proteins -0.3843848 -0.5233957 

 

Table S3. Influence of each studied variable in PC1 and PC2 regarding mussels PCA aiming to verify 

which variable contributes the most to data segregation between dry and wet season. 

 PC1 PC2 

Mercury 0.1484189 0.62362155 

Microplastics 0.2370488 -0.71101021 

LPO 0.5236612 0.11522419 

Lipids -0.5205652 -0.03968438 

Sugars -0.4697846 -0.18744941 

Proteins -0.3948075 0.23573693 
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Table S4. Results of Kruskal-Wallis non-parametric test (KW) and one-way analysis of variance 

(ANOVA) among mercury and microplastics contamination and oxidative damage and energy-

related biomarkers of fresh oysters and mussels and organisms preserved by different methods and 

respective multiple comparison patterns. Significant results are in bold. Fresh (FR), Brine salting 

(BS), Dry salting (DS), Sun-drying (SD), Smoking (S) and Smoking with oil (SO). 

Variable Organism Comparison Test Transformation  Test 

statistic 

p-

value 

Multiple 

comparison 

test 

Multiple comparison pattern 

Mercury Oyster Fresh and 

preserved 

KW - 26.182 0.000 Dunn-

Bonferroni 

FR<BS=DS<SO=S<SD 

Mercury Mussel Fresh and 

preserved 

ANOVA Ln 63.522 0.000 SNK FR=BS<DS=S<SO<SD 

Microplastics Oyster Fresh and 

preserved 

KW - 17.267 0.004 Dunn-

Bonferroni 

FR<BS=SO=DS=S=SD 

Microplastics Mussel Fresh and 

preserved 

ANOVA Sqrt 0.476 0.791 - - 

 

LPO 

Oyster Fresh vs. t3 ANOVA Sqrt 37.583 0.000 Dunnett TabS51 

Fresh vs. t15 ANOVA Sqrt 48.790 0.000 Dunnett TabS5 

t3 ANOVA Sqrt 24.738 0.000 SNK BS=S<S=DS<SO=SD 

t15 ANOVA - 20.543 0.000 SNK BS=DS<S=SO<SD 

Mussel Fresh vs. t3 ANOVA - 55.530 0.000 Dunnett TabS5 

Fresh vs. t15 ANOVA Sqrt 85.433 0.000 Dunnett TabS5 

t3 ANOVA - 18.957 0.000 SNK BS=DS=S=SO<SD 

t15 ANOVA Sqrt 45.047 0.000 SNK BS<DS=S<SD=SO 

 

Lipids 

Oyster Fresh vs. t3 ANOVA Sqrt 38.237 0.000 Dunnett TabS5 

Fresh vs. t15 ANOVA Sqrt 27.539 0.000 Dunnett TabS5 

t3 ANOVA Sqrt 34.422 0.000 SNK SD=DS=BS=S<SO 

t15 ANOVA Sqrt 24.927 0.000 SNK SD=DS=BS=S<SO 

Mussel Fresh vs. t3 KW - 24.618 0.000 Dunn-

Bonferroni 

TabS5 

Fresh vs. t15 KW - 23.818 0.000 Dunn-

Bonferroni 

TabS5 

t3 ANOVA Sqrt 51.194 0.000 SNK BS=SD=DS<DS=S<SO 

t15 ANOVA - 59.454 0.000 SNK SD=BS=DS<S<SO 

 

Sugars 

Oyster Fresh vs. t3 KW - 17.459 0.004 Dunn-

Bonferroni 

TabS5 

Fresh vs. t15 KW - 20.267 0.001 Dunn-

Bonferroni 

TabS5 
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t3 KW - 10.087 0.039 Dunn-

Bonferroni 

SO=BS=S=DS<S=DS=SD 

t15 ANOVA Ln 6.021 0.002 SNK BS=DS<DS=SO=SD<SO=SD=S 

Mussel Fresh vs. t3 KW - 24.695 0.000 Dunn-

Bonferroni 

TabS5 

Fresh vs. t15 KW - 24.902 0.000 Dunn-

Bonferroni 

TabS5 

t3 ANOVA - 19.692 0.000 SNK BS=DS<DS=SO=S<SD 

t15 KW - 19.252 0.001 Dunn-

Bonferroni 

BS<DS<SO=S=SD 

 

Proteins 

Oyster Fresh vs. t3 KW - 19.844 0.001 Dunn-

Bonferroni 

TabS5 

Fresh vs. t15 KW - 13.155 0.022 Dunn-

Bonferroni 

TabS5 

t3 KW - 17.856 0.001 Dunn-

Bonferroni 

SD=SO=S<BS=DS 

t15 KW - 12.620 0.013 Dunn-

Bonferroni 

SD=S<S=BS=SO=DS 

Mussel Fresh vs. t3 KW - 15.168 0.010 Dunn-

Bonferroni 

TabS5 

Fresh vs. t15 KW - 19.431 0.002 Dunn-

Bonferroni 

TabS5 

t3 KW - 6.779 0.148 - - 

t15 ANOVA Ln 10.105 0.000 SNK S=SO<BS=SD=DS 

1See Table S5 for the results of Dunnett and Dunn-Bonferroni multiple comparison post hoc tests.  
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Table S5. Dunnett and Dunn-Bonferroni multiple comparison post hoc tests for differences between 

fresh and t3 and t15 oysters and mussels preserved by five distinct preservation methods (brine 

salting, dry salting, sun-drying, smoking and smoking with oil) concerning LPO and nutrient reserves. 

 

    Preservation methods 

Variable Organism Control 
category 

Preserv
ation 
days 

Brine 
salting 

Dry 
salting 

Sun-
drying 

Smoking Smoking 
with oil 

LPO Oyster  
 
 
 
 
 
 
Fresh 

t3 NS1 * * * * 

t15 NS * * * * 

Mussel t3 * * * * * 

t15 * * * * * 

Lipids Oyster t3 NS NS NS * * 

t15 NS NS NS * * 

Mussel t3 NS NS NS * * 

t15 NS NS NS * * 

Sugars Oysters t3 NS * * NS NS 

t15 NS NS * * NS 

Mussel t3 NS NS * * NS 

t15 NS NS * * * 

Proteins Oyster t3 NS NS NS NS NS 

t15 NS NS NS NS NS 

Mussel t3 NS NS NS * NS 

t15 NS * NS NS NS 
1NS – not significant 
*p < 0.05 
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Table S6. Results of independent-samples t-test (TT) and Mann-Whitney non-parametric test (MW) 

between t3 and t15 oysters’ biomarkers preserved by different methods. Significant results are in 

bold. 

Variable Test Transformation Test 

statistic 

p-

value 

Pattern 

 

Brine 

salting 

LPO TT - -0.172 0.871 - 

Lipids TT - -0.123 0.905 - 

Sugars TT - -2.640 0.033 t15<t3 

Proteins MW - 14.000 0.841 - 

 

Dry 

salting 

 

LPO TT Sqrt -2.003 0.091 - 

Lipids TT Sqrt -1.095 0.306 - 

Sugars TT Ln -3.309 0.014 t15<t3 

Proteins TT - -1.828 0.118 - 

 

Sun-

drying 

LPO TT - 1.843 0.103 - 

Lipids TT - -0.920 0.389 - 

Sugars TT - -0.760 0.477 - 

Proteins MW - 9.000 0.548 - 

 

Smoking 

LPO TT - 3.529 0.008 t3<t15 

Lipids TT - -0.136 0.895 - 

Sugars TT - 0.676 0.518 - 

Proteins TT - -0.520 0.618 - 

 

Smoking 

with oil 

LPO TT - 0.328 0.754 - 

Lipids TT - -2.173 0.064 - 

Sugars TT Sqrt 1.796 0.110 - 

Proteins TT - 1.916 0.108 - 
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Table S7. Results of independent-samples t-test (TT) and Mann-Whitney non-parametric test (MW) 

between t3 and t15 mussels’ biomarkers preserved by different methods. Significant results are in 

bold. 

Variable Test Transformation Test 

statistic 

p-

value 

Pattern 

 

Brine 

salting 

LPO TT - -0.508 0.630 - 

Lipids TT - 0.880 0.405 - 

Sugars TT - -1.339 0.238 - 

Proteins TT - -0.380 0.721 - 

 

Dry 

salting 

 

LPO TT - 0.570 0.594 - 

Lipids TT - -1.406 0.206 - 

Sugars TT - -0.648 0.538 - 

Proteins MW - 21.000 0.095 - 

 

Sun-

drying 

LPO TT - -1.840 0.119 - 

Lipids TT - -0.512 0.629 - 

Sugars TT - -2.012 0.081 - 

Proteins TT - -1.139 0.288 - 

 

Smoking 

LPO TT - 1.043 0.351 - 

Lipids TT - 3.876 0.008 t13<t15 

Sugars TT - -0.692 0.512 - 

Proteins TT - -8.624 0.000 t15<t3 

 

Smoking 

with oil 

LPO TT - 3.681 0.007 t3<t15 

Lipids TT - 1.227 0.255 - 

Sugars MW - 12.000 1.000 - 

Proteins TT - -3.199 0.030 t15<t13 
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Table S8. Results of Kruskal-Wallis (KW) and Mann-Whitney (MW) non-parametric tests among 

preserved oysters and mussels’ microbial growth in three different media (CCA, TSA and TCBS) and 

respective comparison patterns. Significant results are in bold. Fresh (FR), Brine salting (BS), Dry 

salting (DS), Sun-drying (SD), Smoking (S) and Smoking with oil (SO). 

Variable Test Test 

statistic 

p-

value 

Pattern 

Oysters TSA KW 6.651 0.084 - 

 

Mussels 

CCA KW 7.533 0.057 - 

TSA KW 11.538 0.021     SO=DS<BS=S<S=SD 

TCBS MW 4.000 0.333 - 

 

Table S9 - Results of independent-samples t-test (TT) and Mann-Whitney non-parametric test (MW) 

and respective patterns concerning mussel biometric measurements. Significant results are in bold. 

Variable Test Test statistic p-value Pattern 

Length t0 TT 4.968 <0.001 Metuge<Mecúfi 

Length tf TT -1.675 0.099 - 

Length Mecúfi TT 9.201 <0.001 t0 < tf 

Length Metuge TT 10.844 <0.001 t0 < tf 

Width t0 MW 112.000 <0.001 Metuge<Mecúfi 

Width tf MW 1004.000 0.434 - 

Width Mecúfi MW 164.500 <0.001 t0 < tf 

Width Metuge MW 14.000 0.000 t0 < tf 

Height t0 MW 419.000 <0.001 Metuge<Mecúfi 

Height tf MW 1178.000 0.442 - 

Height Mecúfi MW 121.500 <0.001 t0 < tf 

Height Metuge MW 84.000 <0.001 t0 < tf 

Total Weight tf TT -2.566 0.013 Mecúfi<Metuge 

Total Weight Mecúfi TT 11.581 <0.001 t0 < tf 

Total Weight Metuge TT 9.212 <0.001 t0 < tf 

Edible Weight tf TT -8.581 <0.001 Mecúfi<Metuge 

Edible Weight Mecúfi TT 2.423 0.017 t0 < tf 

Edible Weight Metuge TT 9.827 <0.001 t0 < tf 

Shell Weight tf TT -2.780 0.007 Mecúfi<Metuge 

Shell Weight Mecúfi TT 11.147 <0.001 t0 < tf 

Shell Weight Metuge TT 9.888 <0.001 t0 < tf 
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Table S10 – Results of one-way analysis of variance (ANOVA) and respective SNK patterns among 

mussels collected from Mecúfi seacoast in September (ti) and mussels collected from aquaculture 

wood-tables in March in Mecúfi (MCtf) and Metuge (MTtf) regarding biomarkers analysis and 

microplastics and mercury contamination. Significant results are in bold. 

Variable Transformation Z p-value SNK Pattern 

Mercury Ln 7.146 0.003 MTtf = MCtf < ti 

Microplastics Sqrt 45.865 <0.001 MTtf = ti < MCtf 

LPO - 22.067 <0.001 ti = MCtf < MTtf 

Lipids Ln 15.240 <0.001 MCtf < ti = MTtf 

Sugars - 72.239 <0.001 MCtf < MTtf < ti 

Proteins - 5.420 0.011 ti = MCtf < MTtf 

 

 

 


