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Abstract

Microplastic contamination (< 5 mm) is one of the most threatening current
environmental issues, tightly related to human use and consumption behaviors, and
affecting aquatic ecosystems. Despite the importance of transitional aquatic ecosystems
as a vector of microplastic contamination between rivers and the ocean, there are still few
studies focusing on these environments. This study focuses on the ingestion of
microplastics by mussels (Mytilus sp.) in the Mondego Estuary (Portugal) and adjacent
coastal areas, as well as the presence of microplastics in surrounding surface waters, to
assess their potential use as bioindicator or sentinel species of microplastic contamination
in these ecosystems. Mussels (n= 30 per station) and surface water (101) samples were
collected in six stations (Buarcos, Cova, Embocadura, Brago Sul, Marina and Brago
Norte) in November 2021. In the laboratory, these samples were subjected to digestion
with potassium hydroxide (KHO) 10% and hydrogen peroxide (H20), filtered and stored
in Petri dishes for further characterization. The content of the filters were then observed
and suspected microplastics extracted and characterized (size, shape and color) using a
stereomicroscope.

Microplastics were found in all stations, in 151 (83.8%) of the collected mussels (n =
180). In total, 554 microplastics were registered in mussels with varying shell sizes.
Significant differences regarding microplastic abundance in mussels were only observed
between stations within the study site - higher concentrations were found at “Brago Sul”
station of the estuary, presenting a mean value of 6.167 £+ 5.867 microplastics ingested
per mussel (p(perm) > 0.05). Fibers were the most common type of microplastics ingested
by mussels (75.94%) in all locations, and blue the most common color found (40.76%).
A pattern was detected regarding microplastic abundance and mussel size as mussels in
Braco Sul had an overall higher weight, averaging 104 + 35.245 grams per individual. In
surface waters, 159 microplastics were recovered from all the samples, with an average
of 1.804 + 1.637 mm in size. Fibers were also the most abundant type of microplastic
found (92.45%), and blue the most common color (55.34%). Contrary to mussel samples,
the water samples with the highest abundance values were recorded at Marina and Brago

Norte. Therefore, being unable to correlate the abundance of microplastic contamination



between mussels and surface waters as well as recognize a clear pattern across the
sampling site.

These results suggest that microplastic contamination occurs within the estuary and
adjacent coastal areas, and that mussels are ingesting these particles. Therefore, they can
be considered sentinel species of microplastic pollution. The spatial scale resolution of
this study did not allow a clear inference about their correlation with the water surface so
in the future a wider scale should be tested as well as other water compartments (water

column) to infer if they can truly be used as bioindicators in these ecosystems.

Keywords: Microplastic pollution, Bioindicators, Mussels, Mondego Estuary



Resumo

A contaminac¢do por microplasticos (< 5 mm) ¢ uma das questdes ambientais mais
ameagadoras da atualidade, intimamente relacionada ao wuso humano e aos
comportamentos de consumo, afetando os ecossistemas aquaticos, mas também. Apesar
da importancia dos ecossistemas aquaticos de transicdo como vetor de contaminagdo de
microplasticos entre os rios e o oceano, ainda sdo poucos os estudos com foco nesses
ambientes. Este estudo incide sobre a ingestdo de microplasticos por mexilhdes (Mytilus
sp.) no estudrio do Mondego (Portugal) e zonas costeiras adjacentes, bem como a
presenca de microplasticos nas aguas superficiais circundantes, de forma a avaliar o seu
potencial uso como bioindicador ou espécie sentinela da contaminag@o de microplasticos
desses ecossistemas. Amostras de mexilhdes (n= 30 por estacdo) e dguas superficiais (101)
foram coletadas em seis estacdes (Buarcos, Cova, Embocadura, Brago Sul, Marina ¢
Brago Norte) em novembro de 2021. Em laboratorio, as amostras foram submetidas a
digestdo com hidréxido de potassio (KHO) 10% e perdxido de hidrogénio (H:20:2),
filtradas e armazenadas em placas de Petri para posterior caracterizagao. Os filtros foram
entdo observados e os microplésticos suspeitos extraidos e caracterizados (tamanho,
forma e cor) usando um estereomicroscopio.

Foram identificados microplasticos em todas as estagdes de amostragem, em 151 (83,8%)
dos mexilhdes coletados (n = 180). No total, foram registados 554 microplasticos em
mexilhdes com tamanhos variados. Diferencas significativas em relagdo a abundancia de
microplasticos ingeridos pelos mexilhdes foram apenas observadas entre as estacdes
dentro do local de estudo - maiores concentragcdes foram encontradas na estagdo “Braco
Sul” do estudrio, apresentando um valor médio de 6.167 + 5.867 microplasticos por
mexilhdo (p(perm) > 0,05). As fibras foram o tipo de microplastico mais comum ingerido
pelos mexilhdes (75.94%), em todos os locais, e o azul foi a cor mais comum encontrada
(40.76%). Foi detetado um padrdo relativamente a abundancia de microplasticos e
tamanho dos mexilhdes uma vez que os organismos no Brago Sul registaram, em geral,
pesos maiores, com uma média de 104 + 35.245 gramas por individuo. Em aguas
superficiais, foram recuperados 159 microplésticos de todas as amostras com tamanho
médio de 1.804 + 1.637 mm. As fibras também foram o tipo de microplastico mais
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abundante (92.45%) e o azul a cor mais comum (55.34%). Contrariamente as amostras
de mexilhdo, as amostras de 4gua com maiores valores de abundancia foram registadas
na Marina e Brago Norte. Portanto, ndo se encontrou uma correlacdo entre a abundancia
de microplasticos entre mexilhdes e dguas superficiais, nem um padrdo claro nos
diferentes locais de amostragem.

Esees resultados sugerem que existe contaminagdo por microplasticos no estudrio e areas
costeiras adjacentes e que os mexilhdes ingerem essas particulas. Podem, assim, ser
consideradas espécies sentinelas da polui¢ao por microplasticos. A resolu¢ao em escala
espacial deste estudo ndo permitiu uma inferéncia clara sobre sua correlagdo com as dguas
superficiais, portanto no futuro uma escala maior deve ser testada assim como outros
compartimentos hidricos (coluna d'dgua) para inferir se eles podem realmente ser usados

como bioindicadores nestes ecossistemas.

Palavras-chave: Poluicdo por microplésticos, Bioindicador, Mexilhdes, Estuario do

Mondego
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1.1 Plastic pollution in oceans and transitional ecosystems

Marine and coastal environments serve as productive zones that connect several
subsystems. They encompass 71% of the earth's surface and are complex habitats with
abundant biodiversity (Thushari & Senevirathna, 2020). Freshwater lotic systems connect
to oceans and seas, creating unique transitional aquatic environments such as lagoons and
estuaries. Diverse ecosystem services, such as provisioning of resources, regulation
(carbon sequestration, water quality maintenance, climate regulation), support
(photosynthesis, nutrient cycling, nursery and breeding grounds, oxygen production), and
cultural functions (spiritual and cultural importance, recreation, and tourism) are provided
by these settings (Lillebo et al., 2017). These are both ecologically and economically
significant. Terrestrial and aquatic ecosystems are inextricably linked - changes in one
system can affect the other. Various factors, including anthropogenic activity, have
stressed marine ecosystems throughout the years, including pollution and physical
deterioration of the environment (Dailianis, 2011). Due to unsustainable development,
debris and trash have been accumulated, posing a serious threat to these systems. Plastic
debris are more persistent in ocean basins than other types of litter due to its unique
properties (Thushari & Senevirathna, 2020). As a result of non-sustainable management,
five trillion pieces of plastic debris, weighing more than 260,000 tons, are floating over
the world's ocean surface (Thushari & Senevirathna, 2020).

Global plastic production has increased at a high rate since its industrial mass production
in the 1950s (Fig. 1) (Dowarah et al., 2020). At this time, only 1.7 million tons were
generated annually over the world (Erikson et al., 2014), but since then, yearly production
drastically increased, reaching 368 million tons in 2019 and expected to reach 540 million
tons in 2040 (PlasticsEurope, 2020; van Cauwenberghe et al., 2015). In Europe alone,
this value was 58 million tons (PlasticsEurope, 2020). This roughly equates to the mass

of two-thirds of the world's population (Geyer et al., 2017).



Global plastics production

Figure 1 - Global plastic production throughout the years, between 1950 and 2015. Adapted
from Geyer et al.’s study in 2017 and published by Our World In Data.

Attractive characteristics of plastic materials like low-cost production and molding
facility contributed to their popularization. However, its long-lasting properties and
overuse contribute to the accumulation of discarded plastic in various ecosystems
(Kahlert & Bening, 2020; Rodrigues et al., 2019). Plastic accumulates in the environment
due to increased productivity and slow biotic degradation is the main reason behind
negative consequences in aquatic habitats (Issac & Kandasubramanian, 2021). These can
endure hundreds of thousands of years before being disintegrated by mechanical and
photochemical processes and/or additional and synergistic effects (Issac &
Kandasubramanian, 2021).

Before 1980, waste management was based on recycling, and incineration of plastic was
scarce. Rates climbed on average by around 0.7% a year between 1980 and 1990 when
incineration and recycling emerged (Geyer et al., 2017). The estimated percentages of
discarded, incinerated, and recycled plastic waste created globally in 2015 were 55%,
25%, and 20%, respectively (Geyer et al., 2017).

The industries generating the most plastic waste were the packaging sector, with 42% of
all plastics entering the use phase (Geyer et al., 2017), followed by building and

construction with 19% (Geyer et al., 2017). However, the manufacturing of primary
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plastic does not correspond to the generation of plastic garbage. The type of polymer used
and the lifespan of the finished product both have an impact on plastic waste. When it
comes to use, packaging, for instance, has a very short lifespan (typically around 6 months
or less). In contrast, the plastic used in buildings and constructing industries has a typical
lifespan of 35 years (Geyer et al., 2017). As a result, packaging is the main source of
plastic waste globally, accounting for about half of the total number (Ncube et al., 2021).
Both marine and land-based sources of plastic can end up in our oceans. When plastic
pollution from marine sources is mentioned, it refers to the pollution brought on by
fishing fleets that drop off abandoned boats as well as fishing nets, lines, and ropes
(Kibria, 2017). It is estimated that 20 to 30 percent of ocean plastics originate from marine
sources, with the remaining 70 to 80 percent coming from land-based sources globally
(Macfadyen et al., 2009; Lebreton et al., 2018). The United Nations Environment
Programme (UNEP) validates this data and has stipulated that fishing gear makes up
around 10% of all ocean plastics (Macfadyen et al., 2009). While this represents the
relative input of ocean plastics as a whole, the relative contributions of various sources
will change based on context and geographic location. Intensified fishing activity in the
Pacific Ocean is likely the biggest cause behind the “Great Pacific Garbage Patch
(GPGP)”, with its gear making up 52% of the plastic debris (Lebreton et al., 2018).
Surface currents and wind patterns have a significant impact on the dispersion and build-
up of ocean plastics that stay afloat. Plastics tend to go towards the center of ocean basins
after entering the oceans from coastal regions. As a result, they frequently gather in
marine gyres (Erikson et al., 2014). The surface waters of the planet are thought to contain
more than 5 trillion plastic particles (Eriksen et al., 2014). The Northern Hemisphere's
basins contain the most plastic overall (Ritchie & Roser, 2018). Given that the vast
majority of people on earth reside in the Northern Hemisphere close to the coast, this is
to be expected. But even though it is less than in the Northern Hemisphere, the amount
of plastic that has collected in the Southern oceans is also large. This is surprising given
the fewer people living near the ocean and overall plastic inputs (Erikson et al., 2014).
These findings imply that plastic pollution is migrating across oceanic gyres and basins
more quickly than previously thought.

The "Great Pacific Garbage Patch" (GPGP), which is located in the North Pacific, is the
most well-known example of plastic accumulation in surface waters. This is related to the

region's high coastal plastic inputs and intensive fishing in the North Pacific Ocean. With
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1.8 trillion floating pieces, plastics make up 99.9% of the total floating debris in the GPGP
(Lebreton et al., 2018). The concentration of surface plastics in the area has reportedly
increased exponentially in recent decades (De Bhowmick et al., 2021). Around 52% of
plastics in the region derive from fishing activities (fishing lines, nets, and ropes), and
47% originate from hard plastics like sheets and films (Lebreton et al., 2018).

The plastics accumulated in the ocean basins can be predominantly classified into five
categories based on size: macroplastics (5-50 cm), mesoplastics (0.5-5 cm),
microplastics (1 pm—5 mm), and nano plastics (<1 pm) (Table 1). Their dispersion in the

water column is also influenced by their density (Liu et al., 2018).

Table 1 - Categorization of plastic types according to their size.

Plastic type Size
Macroplastic 5-50cm
Mesoplastic 0.5-5cm
Microplastic 1um-5mm
Nano plastic <1um

When it comes to ecosystems like rivers, while some hotspots are located in East Africa
and the Caribbean, Asia is home to the majority of the world's most polluted rivers when
it comes to plastic waste (Meijer et al., 2021). Poor management practices (plastic debris
enters rivers and the ocean due to mismanagement of debris); having a city nearby (paved
surfaces where both water and plastic can drain into river outlets); high precipitation rates
(meaning plastics washed into rivers, and the flow rate of rivers to the ocean was high);
and proximity to the coast are the common characteristics associated with the largest
emitting rivers (Meijer et al., 2021). Despite being drained by relatively small rivers,
cities like Manila in the Philippines and Jakarta in Indonesia produce a significant amount
of plastic pollution (Meijer et al., 2021). This demonstrates that to address plastic
pollution issues, waste management must be improved.

Plastics are organic polymers derived from petroleum and can be classified into categories
according to their constitution (Ahmed et al., 2018). These include polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and

polyester, of which PE and PP are the most common, accounting for approximately 18%
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of global production and ranking first and second, respectively, in the global market
(Stock et al., 2021; Issac & Kandasubramanian, 2021). PET is the third most
manufactured plastic and is primarily used as a packaging material, despite its lack of
popularity compared to polyethylene and polypropylene (Leng et al. 2018; Issac &
Kandasubramanian, 2021). PET is used as a packaging material because of its safety,
lightweight, affordability, and low manufacturing cost and sinks quickly, becoming
accessible to benthic species due to its density of 1.37-1.45 g cm® (Weber et al. 2018).
While PET is resistant to weather variability, fragmentation mechanisms are not, and
abiotic weathering in marine conditions is expected to occur through photo-oxidation and
hydrolysis (Chamas et al., 2020). Because the pH of the ocean can change the chemical
balance of microplastics by increasing or decreasing the rate of chemical leaching from
their surface, PET, which is generally thought to be harmless, could become toxic in the
near future (Piccardo et al. 2020).

More than 380 million tonnes of plastic that are produced worldwide each year end up in
the environment and oceans. The majority of plastic waste is thought to wind up in
landfills, and just around 3% makes its way into the sea (Jambeck et al., 2015). The
majority of the plastic materials we create should float at the ocean's surface because they
are less dense than water. However, the most accurate estimates of the amount of plastic
floating at sea are much smaller than the amount of plastic that enters our oceans in a
single year (Jambeck et al., 2015). This discrepancy is called the "missing plastic
problem" (Lebreton et al., 2018).

A global model of ocean plastics from 1950 to 2015 was developed by Lebreton, Egger,
and Slat (2019) to map both the quantity and age of plastic in various ocean ecosystems.
The shoreline, coastal areas, and offshore settings were used to quantify where plastic
builds up in the water. The study revealed that although a large portion of the macroplastic
debris on our shorelines is older and predating the previous 15 years, it can persist for
many decades without decomposing. Most macroplastics (79%) in coastal areas are
recent, or less than 5 years old (Lebreton et al., 2019). Macroplastics from many years
ago, even from the 1950s and 1960s, are still present in the environment (Lebreton et al.,
2019). In offshore habitats, the majority of microplastics (75%) are from the 1990s and
earlier, indicating that it can take several years for plastics to degrade (Lebreton et al.,

2019).
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According to Geyer et al. (2017), of the total manufactured plastics in the world, only 9%
end up being recycled and 12% incinerated. Whereas 79% are left unattended in landfills,
dumps, and natural ecosystems, including the oceans (Dowarah et al., 2020). Moreover,
notwithstanding an increase in plastic production over the last decade, plastic waste
management prevails as a global challenge and is currently one of the world's most serious
threats to aquatic ecosystems (Bessa et al., 2018; Werner et al., 2016; Thushari &
Senevirathna, 2020).

The fragmentation of large plastics brings other challenges to the presence of
microplastics in aquatic environments. Microplastics, specifically, account for 92.4% of
all plastic debris worldwide (Ghayebzadeh et al., 2020). When debris of macroplastics is
degraded into smaller pieces by mechanical forces and ultraviolet (UV) light (Dowarah
et al., 2020), these smaller particles are much easier for animals to consume or integrate
into sediments.

This is crucial in addressing the plastic waste issue since it provides information on what
to anticipate going forward. In a study by Lebreton et al. (2019), three scenarios were
modeled, including one in which we stopped emitting any plastic into the ocean by 2020,
another in which they increase until 2020 and then level off, and a third in which they
continue to increase until 2050 at rates consistent with historical growth rates. The
findings showed that macroplastics would continue to exist in our surface seas for many
more decades even if we had completely stopped ocean plastic pollution by the year 2020
(Lebreton et al., 2019). In every scenario, the huge plastics already a part of our shorelines
and surface waters will continue to break down, increasing the number of microplastics
in our surface ocean. Furthermore, any additional plastics we use, will increase the
problem.

This leads to the question: how do we act against plastic pollution? Besides trying to
decrease plastic waste inputs into the oceans and rivers, efforts must be concentrated
upstream on less use and consumption of microplastics to avoid leakage to the
environment, as well as recapturing and eliminating plastic waste already present in our
offshore waterways and shorelines. For that, it’s important to understand plastic pollution
to a further extent and understand its spread across the trophic chain as well as through
its dispersion pathways which include rivers, oceans, and transitional ecosystems like

estuaries.
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1.2 Microplastics: origin and effects

Microplastics (MPs) are more accurately defined as synthetic solid particles or polymer
matrices insoluble in water, and of regular or irregular shape (Frias & Nash, 2019). And
although some researchers recently set the maximum size restriction at 1 mm (Frias &
Nash, 2019), they are often characterized as particles less than 5 mm (Browne et al., 2010;
Vianello et al., 2013; Dekiff et al., 2014). Microplastics can be classified into two
categories depending on their origin: primary and secondary (Antunes et al., 2018; Bessa
et al., 2018; Issac & Kandasubramanian, 2021). Primary MPs are pre-existing polymers
that were manufactured in a specific size and/or shape for distinct applications and goods.
Secondary MPs, on the other hand, are obtained from larger pieces of plastic and can
originate from the action of ultraviolet radiation (UV), mechanical abrasion, temperature,
and even microbial activity (Iyare et al., 2020; Ghayebzadeh et al., 2020). The latter
corresponds to the major cause of the formation of microplastics in aquatic environments.
In addition to these two groups, microplastics can be subdivided according to their shape.
These categorizations often include fragments, fibers, foam, nurdles, and microbeads
(Bessa et al., 2019 - relatério). Smaller pieces of plastic that break off from larger pieces
of plastic are known as fragments. Common examples include cutlery, lids, and single-
use products. Fleece clothing, diapers, and cigarette butts are all sources of fibers.
According to Hartline et al. (2016) wastewater treatment plants fail to filter out 40% of
microfibres, other type of microplastic particles. Styrofoam usually takes part in food
containers, coffee cups, and packing material. And, lastly, nurdles are small plastic pellets
used for producing plastic goods such as container lids (Shahnawaz et al., 2019).

The main cause of primary microplastics immediate release from sewage systems into
the environment, which contributes to accumulation in the ecosystem, is ineffectiveness
in the elimination process due to their reduced size and low perceptibility (Issac &
Kandasubramanian, 2021). This includes, for example, microplastic beads found in
skincare and hygiene products (Kalkova et al. 2017). Just 6 kg of synthetic clothing
releases an average of 700,000 fibers in a single wash (Napper and Thompson 2016). Due
to their role as a raw material for plastic goods, pellets used in industrial applications are

also a source of microplastic discharge into the environment (Li et al. 2016). Dental and
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pharmaceutical carriers are the primary sources of microplastic contamination in the
medical field (Issac & Kandasubramanian, 2021).

Due to their floatability and persistence in the environment, microplastics are common
marine contaminants in aquatic systems and serve as a vehicle for the transfer of
pollutants to aquatic animals (Eder et al., 2021). Because of their small size, a variety of
organisms consume them, which disrupts their physiological systems and allows them to
propagate down the food chain until it reaches humans (Issac & Kandasubramanian,
2021). Therefore, the negative impacts of microplastics are transferred up the food chain
to higher trophic levels.

Microplastic pollution in aquatic systems can come from a variety of sources, including
the production of plastic goods, water, sewage treatment facilities, industrial or
agricultural waste, plastic weathering, fisheries, and aquaculture (Rezania et al., 2018).
Plastic waste from households, businesses, and other sources is introduced to marine
habitats, where it accumulates and negatively impacts aquatic life. A significant source
of microplastic contamination is the use of microcapsule fertilizers, which are frequently
employed in agriculture to minimize nitrate leaching into groundwater (Katsumi et al.,
2020). Paddy field pathways allow these discharges to finally reach the ocean, where they
create a significant flow of microplastic, especially during irrigation season. For instance,
vehicle tires are one of the main sources of microplastic pollution in the oceans, according
to recent studies (Kole et al., 2017). Elastomer, carbon black, fibers, and other organic
and inorganic materials are used to make tires, which are then flown or delivered via other
waterways directly to the sea. Other significant causes of microplastic contamination are
offshore drilling, fish hatcheries, and fishing, which directly endanger the biota since
secondary microplastics (MPs hereafter) result from long-term deterioration (Brandon et
al., 2016; Lusher et al., 2017). Microplastics get into and are released directly into water
resources, particularly freshwater systems since wastewater treatment plants are not
equipped or prepared to filter these polymers (Li et al. 2018). Even though these particles
are often resistant to biodegradation, some substances can cause gastrointestinal
blockages by being passively or actively absorbed by consumers after disintegration (Lei
et al. 2018). Knowing this, it comes as no surprise that microplastics have been found in
practically all aquatic organisms and animals at all levels of the food chain. Even though

this is true, the total amount of microplastics varies significantly even within the same
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region, depending on the organisms and the area in which they are found (Desforges et
al. 2015; Walkinshaw et al. 2020).

Mainly, there are three potential major negative effects associated with the consumption
of microplastics: (1) Physical and physiological effects, for instance, decreased
development and alteration of feeding habits (the greater the number, the greater the risk
associated); (2) Toxicity associated with the release of hazardous compounds - additives
(including antioxidants, plasticizers, flame retardants, and pigments) incorporated during
the production of the plastic can leach into tissues of the body, resulting in
bioaccumulation or provoked changes; (3) Harmful reactions to potential pollutants
imbibed in the microplastics, turning microplastics into carriers for contaminants into
aquatic systems. Some common pollutants found in these polymers include polycyclic
aromatic hydrocarbons, polychlorinated biphenyl (PCB),
dichlorodiphenyltrichloroethane (DDT), organo halogenated pesticides,
hexachlorocyclohexane, and chlorinated benzenes. POPs, like PBDE and PCB, have the
ability to imitate natural hormones, being responsible for disorders related to reproduction
(Issac & Kandasubramanian, 2021). Apart from direct consumption linked with dietary
habits, humans get subjected to microplastics through cosmetics, dust particles found in
the airway, and the usage of plastic products (Issac & Kandasubramanian, 2021).

The effects of microplastics in different organisms are multiple and the impacted
functions include food uptake, feeding habits, growth, spawning, body weight, or even
contribute to oxidative stress and affect the well-functioning of organs like the liver, heart,
and intestines (Yu et al., 2020; Messinetti et al., 2019; Hossain et al., 2019; Banaee et al.,
2020; Lo & Chan, 2018; Lei et al., 2018). Because there is currently minimal knowledge
on the trophic transfer of chemicals included in these polymers, it is difficult to anticipate
whether pollutants are eliminated or bioaccumulated inside the organism. Malnutrition is
still the most common observed consequence in most species, and it has a deleterious
impact on development and reproduction (Berglund et al., 2019). It is especially
worrisome as these hazardous effects can be passed between levels in the trophic chain
(Athey et al., 2020).

The effects of microplastics primarily relate to entanglement or ingestion (Gall and
Thompson, 2015). Due to their size, shape, and color, microplastic particles are mistaken
for food, contributing to their consumption (Schuyler et al., 2014). These polymers have

been found in many animals living in aquatic systems and their effects vary according to
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their size and species. Some examples of the problem behind this type of pollution to
marine biota include polystyrene microplastics having a deleterious influence on oyster
reproduction and feeding. In this scenario studied by Sussarellu et al. in 2016, the yield
and growth of offspring exposed to microplastics decreased by 41% and 18%,
respectively: The accumulation of microplastic debris inside the guts of gentoo penguins,
preventing them from consuming food and contributing to the absorption of hazardous
compounds in the water, affecting their growth and development (Bessa et al., 2019);
Impacts on zooplankton eating patterns, fertility, and function, such as copepods. Because
of their size, large number of lipids, and opulence, these organisms are important prey for
many fish larvae (Cole et al., 2015). Ingestion of microplastics has been shown to
influence their overall health, resulting in a 40 percent loss in carbon biomass and a
shortfall in energy, indicating rapid lipid consumption, impairing their growth, or
contributing to their mortality. Long-term exposure also results in smaller eggs and lower
hatching rates (Cole et al., 2015); Herbicides like glyphosate, for example, have different
toxicity levels when microplastics are present in the environment (Zocchi & Sommaruga,
2019). Tests performed by Zocchi & Sommaruga (2019) using Daphnia magna,
crustaceans used as food by many aquatic organisms, demonstrated a fatality rate increase
of 53,3% and 30% when incorporated with microplastics for polyethylene beads and
polyamide fibers, respectively. Contrasting with the 23.3% mortality rate of glyphosate
not associated with microplastics (Zocchi & Sommaruga, 2019); Faecal impaction and
malnutrition are caused by an increase in microplastic concentration inside mussels.
Mussels play a crucial role in aquatic ecosystems. Large mussels absorb great quantities
of water while storing primarily fibers. The bigger the mussels, the more microplastics
can be found to be ingested (Berglund et al., 2019). Furthermore, microplastics have a
high potential to attract contaminants, resulting in the absorption of hazardous
compounds by mussels; Impacts on both the reproductive and immune systems of various
shark species. Ingestion is the most common method of intake, which can be done directly
or through food (mostly crustaceans and molluscs) (Germanov et al., 2019). Again, the
presence of chemicals associated with microplastic is the utmost cause of these problems
(Parton et al., 2020).

Microplastics disperse through various pathways such as wastewater discharges, river
flows, extreme events (e.g., storms), winds, animals, maritime, and agricultural activities.

These vectors cause the particles to enter different environments, including freshwater
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and transitional environments such as estuaries (Antunes et al., 2018). Because of the
dangers that microplastics pose to marine biota, in order to reduce the possibility of MPs
building up in the food chain, it is important to understand coastal hotspots of these
particles in order to take action and monitor the excessive use of plastic additives, as well

as implement regulations to control plastic contamination.

1.3 Microplastics in coastal and transitional ecosystems

Estuarine and coastal areas are among the most valuable aquatic ecosystems, admitting
their richness in productivity and indispensable ecological and economic role (Barbier et
al., 2011). They are also some of the most exploited and endangered natural systems
worldwide (Lotze et al. 2006, Worm et al. 2006, Halpern et al. 2008). Anthropogenic
action is rapidly and severely contributing to their degradation (Barbier et al., 2011).
These environments provide a variety of goods and services such as food resources,
coastal protection, temporary shelter, habitat for a wide diversity of species (not
exclusively estuarine but also marine species), and partake in migration routes (Rodrigues
et al., 2019). Among the services provided, estuaries are considered essential nursery
habitats for fish in addition to sheltering a variety of seabirds, fish, and mammals
(Whitfield, 2020; Costanza et al., 1997). According to Worm et al. (2006), the global
decline of estuarine and coastal regions is known to have an impact on at least three
ecosystem services: fisheries (which have declined by 33%), the provision of nursery
habitats like oyster reefs, seagrass beds, and wetlands (which have declined by 69%), and
the filtering and detoxification services offered by suspension feeders, submerged
vegetation, and wetlands (63% decline). Biological invasions, diminishing water quality,
and decreased coastal protection from flooding and storm events are all related to the loss
of biodiversity, ecosystem services, and coastal vegetation (Braatz et al. 2007, Cochard
et al. 2008, Koch et al. 2009).

Hydrodynamic forces (tides, waves, and wind) and physical characteristics of the
microplastics (density, size, and shape) considerably influence the dispersal and

consequential entrance of MPs into the marine environment (Zhang, 2017). Estuaries and
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coastal regions are vulnerable to plastic contamination and have been identified as
microplastic hotspots as drainage systems like freshwater streams are significant vectors
for the transportation of land-based plastics into the marine environment (Browne et al.,
2010; Wright et al., 2013). Despite their involvement in the transmission of plastic to
oceans, less research has been done on freshwater bodies than on marine ones, and there
is currently a paucity of information on the consumption of microplastics by animals in
transitional aquatic settings (e.g., Possatto et al.,2011; Vendel et al., 2017).

Previous research has found that plastic particles can be mistaken for food and swallowed
accidentally due to their resemblance to prey appearance and shapes (Lehel & Murphy,
2021). They can also be directly ingested through prey that already contains microplastics
(Egbeocha et al., 2018). Because plastic debris gets transferred to the sea via rivers,
transitional systems like estuaries play a crucial role in transporting these particles from
the land to the sea; and, because of the dynamic nature of these ecosystems, microplastics
can linger in these habitats for long periods and get consumed by numerous aquatic
organisms, although the amount ingested varies depending on the species (Dris et al.,
2020; Egbeocha et al., 2018). Because of the dangers that microplastics can pose to
marine biota, as addressed earlier, it's critical to act and monitor the excessive use of
plastic additives, as well as implement regulations to control plastic contamination

(SAPEA, 2019).

1.4 Bioindicator species in microplastic pollution

Mussels are an important component of benthic assemblages worldwide and are thought
to act as ecosystem engineers via the occupation of primary space, filtration, and
provision of secondary habitat (Browne et al., 2008). Many studies were done in vivo to
investigate the deleterious effects of these particles on mussel species and their role in
trophic transfer (Dowarah et al., 2020).

Investigating the biotic effects of exposure to microplastics should be done through
biomonitoring. Bivalves are of specific interest for MPs presence analysis in ecosystems

because of the filter-feeding habit that exposes them directly to MPs available in the
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environment (Pazos et al., 2020). Microplastics have also been detected in mussels and
clams in recent years (Davidson & Dudas, 2016; Weber et al., 2020).

Mussels, already well-established biomonitors for environmental contaminants, are a
suitable candidate for assessing MPs exposure in the environment (Li et al., 2019).
Mussels can filter large volumes of water and actively filter, and trap suspended
particulates such as algae and sediments (Catarino et al., 2018), which causes these
organisms to ingest more microplastics (Setdld et al., 2016). Previous studies have
suggested that mussels can act as bioindicator organisms regarding plastic pollution as
these organisms are widely spread, susceptible to microplastic ingestion, closely
connected to marine predators and human food (implying the entrance of MPs in the
human body), and hold vital ecological niches (Li et al., 2019). In addition, bivalves are
very popular among seafood consumers, therefore having high commercial values, and
are thought to be the largest source of MPs from seafood to humans since they are
consumed whole (Lusher et al., 2017). Although not all the characteristics of the MPs in
mussels can exactly match those in their environment, quantitative correlations of
abundance between the microplastics in mussels and nearby sea waters make it possible
to estimate the levels of environmental microplastic pollution from the MPs in mussels
(Qu et al., 2018), which is interesting given that the abundance of MPs in field-collected
mussels is directly related to human activities. This increases their interest as species for
the assessment of microplastic quantification. As a method, it’s effective in reducing or
avoiding error rates and misinterpretation resulting from contingency in environmental
medium because the concentration of pollutants, including microplastics, in mussels,
tends to remain stable after obtaining a balance between intake, assimilation in tissues,
and defecation or digestion (Setéld et al., 2016; Beyer et al., 2017).

Many Mytilus species (e.g., M. edulis and M. galloprovincialis) hold a high commercial
value as seafood (Food and Agriculture Organization of the United Nations, 2017), hence
the concern about trophic transfer and the possibility of MPs ingestion by humans. An
estimated 11,000 MPs are consumed by European shellfish consumers each year, even
though there is still no evidence of MPs ingestion by humans via trophic transfer.
Furthermore, the European Food Safety Authority (EFSA) Panel for Contaminants in the
Food Chain recently stated that the occurrence data in shellfish food items are inadequate,

implying exposure levels are largely unknown (Catarino et al., 2018).

20



Additionally, microplastic levels in mussels have been added to European databases
about pollutants of rising concern in seafood and microplastic uptake and accumulation
in Belgian mussels have been chosen as a measure of the state of the maritime
environment (De Witte et al., 2014; Vandermeersch et al., 2015). Mussels were also
suggested as a bioindicator species to monitor marine microplastic pollution in a
workshop on "Distribution, Source, Fate, and Impact of Marine Microplastics in Asia and
the Pacific," which was sponsored by the IOC Sub-Commission for the Western Pacific
(WESTPAC) (WESTPAC, 2017). Because of their abundant stocks for frequent sampling
and capacity to reflect local conditions, OSPAR has selected mussels as excellent
monitoring species (OSPAR, 2012). However, none of the regulatory agencies have yet
provided any guidelines for standard monitoring practices (inc. OSPAR, MSFD, NOAA,
UNEP).

Because of its wide geographic range, including intertidal and subtidal environments, and
its importance concerning the diet of various predators (including human consumption),
mussels can provide information on MPs contamination throughout numerous locations
(Catarino et al., 2018; Dowarah et al., 2020). Hence, Mytilus sp. were selected as model
organisms for this study.

Despite not being so common in estuarine areas due to their low tolerance to lower
salinities, mussels exist associated with fixed structures, such as bridges, in the Mondego
Estuary. Previous studies have recorded the survival of mussels in environments with
salinity values ranging from 20 to 35 %o, varying with temperature (Brenko & Calabrese,

1969).
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1.5 Objectives of the study

The main goal of this study is to assess the levels of microplastic pollution in transitional
aquatic systems along with adjacent coastal areas, more precisely:
1. Determine the levels of microplastic contamination in mussels (Mytilus spp.) and
waters, using the Mondego Estuary as well as adjacent coastal areas as case study.
2. Assess the potential existence of a gradient of microplastic contamination from
the estuary to the sea (identification and quantification of microplastics).
3. Evaluate the potential of Mytilus spp. to act as a bioindicator or sentinel species

of microplastic pollution in transitional and coastal waters.
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Chapter II — Materials and Methods

2.1 Study area and sample collection
2.1.1 The Mondego Estuary - case study
2.1.2 Sample collection
2.2 Sample processing
2.2.1 Mussels
2.2.2 Surface Waters
2.3 Observation and identification of microplastics

2.4 Statistical analysis
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2.1 Study area and sample collection

This study was conducted in the Mondego River estuary and adjacent coastal areas in
Figueira da Foz, Coimbra (Portugal). The sampling campaign was performed during low
tide, carried out by boat within the estuarine sampling stations, and by foot on intertidal

coastal areas, in two consecutive days in November 2021.

2.1.1 The Mondego Estuary - case study

The Mondego River, largest river under exclusive Portuguese administration, meets the
Atlantic Ocean in a small mesotidal estuary (1600 ha) located on the western central coast
of Portugal (40°080 N, 8°500 W) (Mantas et al., 2013) (Fig. 2). Its estuary drains a 6670
km? basin and sustains a population of nearly 885 thousand inhabitants. The terminal part
(7 km long and 2—3 km at its widest part) is divided by Morraceira Island, which separates
into two arms (North and South) with distinct hydrological features. The north arm is the
most profound (8—12 m at high tide) and receives most of the freshwater arising from the
river. The south arm is shallower (2—4 m at high tide) and receives fresh water from the
Pranto River, a small branch of the Mondego. In adjacent coastal areas, sandy beaches
and marine soft bottoms constitute most of the surrounding habitats (Gaspar et al., 2017).
To the south of the estuary, thus receiving water directly from there, is Praia do Cabedelo.
Facing north, there are Praia da Claridade and Praia de Buarcos, consecutively. The coast
is under the prevailing northwest (NW) oceanic swell's influence, reaching values over 5
m in the winter when most frequent storms occur from WNW. The tidal range varies
inside the estuary between 0.35 and 3.3 m, while water residence time goes from one day
in winter to five days during summer, on the north arm, and three days in the winter to
nine days in the summer, on the south arm (Gaspar et al., 2017). The retention time of
water in the south arm of the Mondego Estuary is much bigger compared with the North
Arm. This is because the main flow of water occurs in the North Arm. Therefore, the
water moves and is replaced much faster in the latter, which can possibly influence the
presence and distribution of microplastics in the estuary. The freshwater inflow is the

main factor influencing the residence time in the Mondego Estuary and retention time is
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shorter in winter than in summer because of more intense freshwater inflows in the
wintertime (Kenov et al., 2012).

Regarding ecological value, the estuary constitutes an important recognized nursery area
for commercially valuable fish species and has an indispensable regional socio-economic
value. In detail, the system supports industrial activities, mercantile and fishing harbors,
salt extraction, aquaculture farms, and agriculture areas (Bessa et al., 2018; Gaspar et al.,
2017). Consequently, the Mondego estuary has also undergone several anthropogenic
pressures counting resource depletion and pollution with hydro morphological
transformations over the last decades (Marques et al., 1997; Neto et al., 2010). The
estuary is also under the influence of two wastewater treatment plants, Vila Verde, and

S. Pedro, which is a possible source of MP contamination in this ecosystem.
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Figure 2 - The Mondego estuary (Portugal) with the location of the sampling areas S1 (Buarcos) and S2
(Cova) in coastal areas and S3 (Embocadura), S4 (Brago Sul), S5 (Marina), and S6 (Brago Norte) in the
estuary.
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Only one study has been published so far concerning microplastic contamination in the
Mondego Estuary (Bessa et al., 2018), performed using two fish species (Dicentrarchus
labrax and Platichthys flesus) and determined a frequency of occurrence of microplastic
ingestion of 38% in these species. Particularly, the benthopelagic species D. vulgaris had
the highest incidence (73%), with up to 14 microplastics retrieved from a single

individual.

2.1.2 Sample collection

Mussel and surface water samples were collected in the Mondego Estuary during
November 2021. In total, the samples were collected from 6 different locations: 1) 3
beaches (Buarcos (S1), Cova (S3), and a third beach located in the mouth of the estuary,
which we designated Embocadura (S2) that receives influence from the estuarine area; ii)
2 in the estuary (North arm (S6) and South arm (S5)); iii)1 in the harbor located closed to
the mouth of the estuary (S4) (Fig. 1). In each station, 30 mussels were collected by hand,
as well as 10 L of water. Water parameters (e.g., surface water temperature, salinity, pH,
conductivity, dissolved oxygen (DO and DO%), and oxidation-reduction potential (ORP)
were recorded using a multiparameter digital water quality sonde, in each station (Table
1).

Each mussel was wrapped individually in tin foil to avoid plastic contamination between
the organisms, stored and kept in an icebox, and transported to the laboratory where they

were frozen at - 20 °C until further processing.
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2.2 Sample processing

2.2.1 Mussels

In order to extract and analyze the presence of microplastics in the mussels, protocols and
guidelines harmonized among studies in microplastic research for biota samples were
followed (e.g., Bessa et al., 2019 and references therein). In total, 180 mussels were
measured, dissected, and weighed - total weight (to 0.01 g) and total length (to 1 mm)
were recorded for each individual, using a ruler and a precision balance, respectively. The
organic content was taken from each of the shells, with the help of a scalpel and/or
tweezers, and put inside glass beakers containing, approximately, three times the volume
of the organic matter added in potassium hydroxide - samples were digested with a 10%
potassium hydroxide (KOH) solution (analytical reagent grade, Fisher Chemical)
(maximum 150ml) - as well as 5 mL of hydrogen peroxide (H202, 10%). The floating
phase started 48 hours later after the organic matter was digested at room temperature.
The liquid from each beaker was filtered using a vacuum bomb through a 1.2 pm pore
(70 mm) Whatman GF/A glass microfiber filter paper. The filter was then sealed inside a
properly identified Petri dish for further analysis.

2.2.2 Surface Waters

The 10L water samples from each station were directly filtered using a vacuum bomb
through a 1.2 um pore (70 mm) Whatman GF/A glass microfiber filter. The resultant
filters from both processes were also placed inside a properly labeled Petri dish for
subsequent analysis.

All laboratory materials used during the sample processing were cleaned with purified
water filtered prior to use. Cotton laboratory coats were worn, and no plastic material was
used during all procedures. The samples were analyzed in a laboratory with restricted
access to ensure minimal airborne contamination during visual inspection and digestion
of solutions. Three clean Petri dishes with filter papers were placed next to the sample

during the inspection under a stereomicroscope as contaminant controls. No
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contamination was detected in the controls. Due to logistical constraints, it was not
possible to determine the chemical composition of all extracted particles (polymer
identification). For that reason, strict criteria were used. Criteria for visually identifying
potential microplastics included: the absence of cellular or organic structures; a
homogenous thickness across the particles; a homogenous color and gloss; and the Hot
Needle Test, in which plastic particles change the structure or move when in contact with

the needle (see De Witte et al. (2014)).

2.3 Observation and identification of microplastics

All suspected microplastic particles extracted after visual sorting were subsequently
observed and photographed using a LEICA M80 (Leica Microsystems GmbH, Wetzlar,
Germany) with image analysis system IC80 HD Camera with Leica Application Suite
(LAS) software. Particles were classified and categorized by type according to their shape
into fibers (elongated), fragments (angular and irregular pieces), films (thin and
transparent), and their color (Bessa et al., 2018). Additionally, all particles were measured
at their largest cross-section and categorized according to the following size classes: 2.5-
2.9 mm, 3-3.4 mm, 3.5-3.9 mm, 4 mm - 4.4 mm, 4.5 mm - 4.9 mm, 5 mm - 5.4 mm, 5.5

mm - 5.9 mm, 6 mm - 6.4 mm, 6.5 mm -6.9 mm, 7 mm -7.4 mm and 7.5 mm - 8§ mm.

2.4 Statistical analysis

To test for significant differences in the levels of microplastic ingestion between mussels
in the Mondego estuary and adjacent coastal areas, a permutational multivariate analysis
of variance and a posterior pairwise test (PERMANOVA; Anderson et al., 2008) was
conducted, as data were not normally distributed (Kolmogorov-Smirnov: p < 0.05) and
not homoscedastic (Levene's test p < 0.05). The similarity matrices were calculated using

Euclidean distances for the number of microplastics per individual was employed
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(untransformed data). The design incorporated two factors: 1) Location (fixed), with two
levels (Estuary and Coastal area), and Stations (nested in Location) with 6 levels (Cova,
Buarcos, Embocadura, Marina, Brago Norte e Bragco Sul). All statistical analyses were
performed using PRIMER v.6 and its add-on package PERMANOV A+ (Anderson et al.,
2008). Correlation analysis was used to ascertain the relationship between the abundance
of microplastics in mussels and morphometric features like shell length and tissue weight.
Pearson correlation coefficient was used to examine the association between microplastic
load in surface water and mussels. Statistical tests were considered significant at p-values
< 0.05. Results from mussels are presented here in microplastics per individual (MP/ind.)
and microplastics per gram (MP/g) (w.w), and for surface waters, the abundance is

measured per volume (MP/m?).
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3.1 Analyses of the physicochemical properties of the surface

water

The physicochemical properties of the surface water in all sampling locations were
measured using a multiparametric probe. As can be seen in Table 2, there is an obvious
salinity gradient across zones (from the riverine-estuarine area to the coastal zone). Water
salinity was lower inside the estuary (lowest value of 5.67 in Brago Norte) and increases
as it approaches the ocean and coastal areas (highest value of 32.95 recorded in Buarcos
beach). Although the Embocadura sampling site is located on a beach near the river
mouth, it is contained between seawalls on the southern part of the estuary and, therefore,
its characteristics are similar to the water inside the estuary. This is verified by its salinity
values, as at Embocadura was recorded a very similar value with the estuary and, in
specific, the Bragco Sul station (both with values of 19.06 and 20.76, respectively).
Contrarily, both stations located in the northern arm (Marina and Brago Norte), also share
similar salinity values, with salinity of Marina being recorded 11.52 at the time of its
analysis. It’s important to add that these parameters were measured in superficial waters
and the tides vary depending on the hour and day, despite being measured at the same
day it can receive influences from the mixing waters that occur in estuaries. Sampling
locations like Brago Norte and Marina receive freshwater water from the river, which
explains the low salinity values. Coastal areas, on another hand, are expected to receive
less river water (especially Buarcos as it is located north of the river mouth and the water
flows southward) and have more contact with water coming from the ocean. This is also
corroborated by the salinity values obtained, which were higher in these zones (Table 2).
Regarding the temperature, similar values were recorded in all sampling stations (14-15

°C) and the content of oxygen in the water was also similar along the stations.
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Table 2 - Characterization of the surface water samples collected at the Mondego estuary and adjacent coastal
areas.

Coast Estuary
S1 S2 S3 S4 S5 S6
Braco . Braco
Buarcos Cova | Embocadura Sul Marina Norte
Tem'z'o‘g;‘“”’e 145 16.4 15.6 14.8 15.4 15.5
DO% L 109.1 92 911 89.7 91 89.6
DO mg/L 9.15 6.62 8.15 7.96 7.57 8.69
Conductivity 4204 4609 25097 266644 15753 8094
Salinity 32.95 31.95 19.06 20.76 11.52 5.67
ORP 103.8 101.6 97.5 94.9 941 95.2
pH 7.98 7.91 7.93 8.02 7.58 7.48

3.2 Mussel samples

3.2.1 Occurrence of microplastics in Mytilus spp.

Of the total mussels collected in the Mondego Estuary and adjacent coastal areas (n=
180), microplastics were recorded in 151 (83.8%) individuals, with an average of 3.08 +
3.65 (SD) particles per mussel. In total, 554 microplastics were identified from all 180
mussel samples, with a maximum of 28 particles being extracted from a single individual
found at Brago Sul. The average weight of mussels and microplastics per gram were 55.00
+45.44 (SD) and 9.12E-05 + 7.14E-05 (SD), respectively. And the average mussel shell
size and load of microplastics per individual were 4.45 + 1.13 ¢m (SD) and 3.08 + 1.55
(SD). Plastic particle sizes ranged from 0.074 mm to 8.01 mm, averaging 7.181 + 1.229
mm.

The mean abundance of microplastics in mussels from different sampling locations is
presented in Fig. 6. Microplastics were detected in all locations. While there was variation
in the number of microplastics in the sampling points, the differences among coastal
zones and the Mondego estuary were not statistically significant (P(Perm) > 0.05).
However, when analyzing sampling stations, there is a clear increase in the number of

microplastics in the mussels found at Brago Sul, with the highest values (6.167 = 5.867
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mm), while the lowest were found at Buarcos beach (2.267 &+ 2.067). Furthermore, these
microplastic load were statistically different (P(Perm) =0.0001) among stations. Pairwise
tests revealed that Brago Sul was statistically different from all other stations P(Perm) <
0.05).

On the other hand, abundance results of microplastics per gram of wet weight of mussels,
differed from the values obtained as MP/ind. The highest and lowest abundances were
from mussels collected in Marina and Embocadura (Fig. 5) with mean values of 0.104 +
0.086 and 0.048 £ 0.054, respectively. Mussels from Brago Norte and Cova both had
ingested 0.083 microplastics per gram (with slightly different values of standard
deviations: 0.077 and 0.078) and those from Buarcos and Braco Sul ingested 0.069 +
0.068 microplastics per gram of wet weight (Table 3).

In terms of mussel size, mussels gathered in Braco Sul were the largest, weighing an
average of 104 + 35.245 grams, while those collected in Marina and Brago Sul were the
smallest, weighing 25 + 5.226 and 23 + 4.772 grams, correspondingly. Mussels from
Embocadura measured an average of 94 + 61.257 grams (high variability in sizes) and
those from Buarcos and Cova, both coastal sites, had similar average weights of 34 +

6.685 and 33 + 7.137, respectively.

3.2.2 Characterization of microplastics from mussels

(Mytilus spp.) according to shape, size, and color

Microplastics with various shapes, colors and sizes were detected in the content of the
mussels collected from the Mondego Estuary and coastal areas. The two shapes primarily
found can be sub-grouped into two categories: fibers and fragments, where fibers were
the most ingested (75.94%) by mussels and fragments the least ingested (24.05%) (Fig.
4). Interestingly, a single aggregate or tangle of fibers was found inside one mussel
collected from one of the coastal sampling sites (Cova). Regarding color distribution, in
general, the most prominently identified was blue, with a frequency of 40.76%. green
(15.05%), gray (8.57%), red (15.24%), black (14.10%), translucent (4.76%), white
(0.57%), beige (0.38%), purple (0.38%), and brown (0.19%) were among the other

particle colors identified in the samples (Fig. 7). Color, anyhow, is a subjective and
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ambiguous identifying parameter that is highly dependable on the observer. Hence, the
results reported here are just intended to demonstrate the visual range of particles

discovered.

Figure 3 - Examples of microplastics found in the content of mussels in each of the sampling locations

(A- red fiber from Brago Norte; B- green fragment from Brago Sul; C- blue fiber from Buarcos; D- black

fiber from Cova; E- green fragment from Embocadura; F- blue fiber from Marina).

The mean number of fibers and fragments was similar in most sites but significantly
higher in Brago Sul. Embocadura station exhibited a higher number of fragments
compared to other sampling locations (Figure 4). Regarding color, green and red
microplastics were the most recurrent in the south arm of the estuary, whereas blue
particles were the most numerous in all sites, having a similar frequency of occurrence
(Figure 7).

The size distribution of the microplastics found inside the mussels was bimodal. Most
microplastics detected were sized between 3.5 and 3.9 mm, occupying 24.70% of the total
numbers. Classes including sizes from 4 to 4.4 mm, 6 to 6.4 mm, and 6.5 to 6.9 mm also
stick out with several particles superior to 50 and a percentage of occurrence of 15.78%,
13.04%, and 14.92% respectively (Figure 8). Microplastics ranging from 7 to 7.4 mm and
7.5 to 8 mm in size were the least common and represent only 2.22% and 0.17% of the

samples obtained, respectively.
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Table 3 - General data from the ingestion regarding the microplastic ingestion by mussels (Mytilus sp.)

collected from the Mondego Estuary and adjacent coastal areas.

Freq:: ney I:]’S;ng Average Average A\I(::ge
Location  Station . weight ()  MPJind 9
occurrence size (cm) (SD) (SD) W.W.
(%) (SD) (SD)
4157 34 2.267 0.069
Coast Buarcos 12.274 (£ 0.206) | (+6.685) (£2.067) | (+0.068)
4.070 33 2.700 0.083
Coast Cova 14.621 (£0.433) | (£7.137) (£2.423) | (x0.078)
3.544 25 2.033 0.083
Estuary | Bracgo Norte 11.011 (£ 0.07) (x5.226) (£2.025) | (x0.077)
6.222 104 6.167 0.069
Estuary Brago Sul 33.394 (£0.255) | (£35.245) | (+5.867) | (£0.068)
5.392 94 2.933 0.048
Estuary A Embocadura 15.884 (£0.211) | (£ 61.257) (x3.85) (£ 0.054)
3.309 23 2.367 0.104
Estuary Marina 12.816 (£0.179) | (x4.772) (£2.025) | (+0.086)
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Figure 4 - Mean values of microplastics (= SE) categorized by shape (A- fibers; B- fragments) extracted from

mussels along the Mondego estuary.
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Figure 6 - Mean values of microplastics (= SE) extracted from mussels along the Mondego estuary per

individual.
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Figure 7 - Percentage of microplastics categorized by color extracted from mussels along the Mondego

estuary.
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Figure 8 - Percentage of microplastics categorized by size (mm) extracted from mussels along the Mondego
estuary and adjacent coastal areas.

Concentrations of plastics per gram were generally high in the north arm of the estuary,
which includes Brago Norte (2.484) and Marina (3.091), as well as in Cova (2.423), one
of the coastal sites (Table 3). Embocadoura was the sampling location with the least
amount of microplastics per gram of mussel with a value of 0.955, the only with less than
one microplastic per gram. Mussels from other locations included Buarcos, a coastal site,
and Brago Sul, the south arm of the estuary, which had concentrations of 1.998 and 1.775
microplastics per gram of wet weight, respectively. Concerning the concentration of

microplastics per individual, on another hand, Brago Sul stood out the most with a value
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of 6.167. All the other mussels from different stations had similar values between them.
In coastal stations, mussels from Buarcos and Cova had 2.267 and 2.700 microplastics
per individual, respectively, whereas, inside the estuary, Braco Norte had 2.033,
Embocadura had 2.933, and Marina had 2.367 (Table 3).

3.3 Water samples

A total of 159 particles were identified from all water samples. Plastic particle sizes
ranged from 0.060 mm to 9.649 mm, with an average of 1.804 + 1.637 mm (Figure 11).
The most common type of plastic found (92.45%) was fibers, followed by fragments
(7.55%). Blue was the most prominent color (55.34%). Green (7.55%), gray (6.92%),
black (18.87%), red (3.14%), translucent (5.66%), white (1.26%), brown (0.63%) and
pink (0.63%) were among the other particle colors identified in the samples (Figure 10).
The mean number of fibers was particularly high in the northern arm of the estuary, which
includes both Braco Norte and Marina. Fragments were not prevalent in any of the
sampling locations. Nevertheless, they were also more common in Brago Norte and
Marina (Figure 9).

Blue particles were higher in the north arm of the estuary, in accordance with the results
obtained for shape. Yet, unlike what happened with mussels, the second most common
color for microplastics in water was black (Figure 10).

Correlations between microplastic abundance in water and microplastic abundance in
mussels per individual was negative and not very strong (-0.402). Values of MPs per gram
of wet weight though had a stronger and positive correlation with contamination in

surface waters (0.765).
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Figure 9 - Mean values of microplastics (+ SE) categorized by shape extracted from mussels along the
Mondego estuary’s waters (A - fibers; B - fragments).
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Figure 10 - Percentage of microplastics categorized by color extracted from mussels along the Mondego

estuary’s waters.
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Figure 11 - Percentage of microplastics categorized by size (mm) extracted from waters along the Mondego
estuary and adjacent coastal areas.
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4.1 Surface waters

Rivers, estuaries, and lakes are primarily known to be responsible for transporting plastic
debris from land to sea (Meijer et al., 2021), therefore assessing the levels of microplastics
in these systems is as relevant as studying microplastic abundance in the oceans. There’s
also a high correlation between microplastic abundance in mussels and human activity,
and mussels from locations with heavy human activity tend to have much greater
microplastic concentrations (Li et al., 2016). High abundance of fibers within the
northern arm of the estuary, which include Marina and Brago Norte stations, can be a
consequence of discharges done to the Mondego River, as freshwater and transitional
systems are more susceptible to fiber contamination than the marine environment due to
their proximity to point sources of fiber discharges (Jabeen et al., 2017). The influence of
freshwater in these stations is concurrent with salinity values obtained when
characterizing the area, which were low in these two stations. Regarding color, blue
particles were higher in both Marina and Brago Norte. Xu et al. (2021) has recorded a
higher abundance of transparent and blue microplastic particles in surface waters due to
fishery activities and human domestic sewage. These values can also be associated with
discharges occurring in the Mondego Estuary like the influence of one wastewater

treatment plant (WWTP) situated in the north arm.

4.2 Mussels

Due to their dynamic conditions, estuaries hold a considerable interspecific variability in
microplastic ingestion rates by their resident species. This variability is affected by
various factors (e.g., tide, wind, residence time) comprising sample site location and
anthropogenic disturbance. Despite the lack of evidence on the consequences and
mechanistic processes involved, the number of MPs identified in estuarine species in all
aquatic environments poses a serious threat to their health.

Despite the separation of sampling locations by which zones were affected by seawater
or freshwater the most (Coast and Estuary), statistical analysis showed no relevant

differences between them (P(PERM) > 0.05). The only significant difference in
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microplastic abundance in mussels was recorded between stations, in Brago Sul, where a
significantly higher concentration of microplastics was recorded - mean value of 6.17 +
5.87 particles per individual (P(PERM) > 0.05). Water retention time in the southern arm
of the estuary is bigger (about 9 days) than the one in the north arm (about 2 days) and
coastal areas, as mentioned before, meaning the pollutants may stay in this area for a
longer time. There are also indicators that microplastics can accumulate through time.
Karlsson et al. (2017) recorded significantly higher concentrations in mussels (37
items/kg dry weight) compared to surrounding sediment (48 items/kg dry weight) and
seawater (27 items/L). Therefore, there’s a higher probability for mussels to ingest these
particles, as they become more easily accessible to be filtered by these animals. There is
also a higher number of fragments in zones that receive water from the south arm
(Embocadura and Brago Sul), with an average of 2.6 and 1.6 particles per mussel. As
plastic debris persists in these areas, there’s a higher chance for them to degrade into
fragments that end up in the water column, turning easily accessible to get ingested by
mussels.

Colorwise, mussels showed no pattern when it came to particles ingested. Overall, almost
all colors expressed themselves in all sampling locations with no significant differences,
showing very heterogeneous results. There was a higher percentage of green and red
microplastics in Brago Sul (accounting for 70.89% and 57.50% of all the green and red
particles found, respectively). Embocadura was the only sampling location with brown
microplastics, and the two stations located in the north arm (Marina and Brago Norte) as
well as Cova were the only stations exhibiting white microplastics.

Regarding biometry, size discrepancy between mussels from all stations might have
affected the results obtained as there was no correlation between mussel size or weight
and their microplastic abundance. Taking abundance in mussels as items/g.w and
abundance in waters as items/L into account, previous research revealed a positive and
quantitative association of microplastics in mussels and their surrounding waterways,
with similar values of abundance between the two (Van Cauwenberghe et al., 2015;
Karlsson et al., 2017; Li et al., 2018; Qu et al., 2018). This directly contradicts the results
of this study. However, this is not an isolated occurrence as one prior study also did not
show the quantitative correlation between microplastics in mussels and their surrounding
waters (Li et al., 2018). They associated these results to the rapid translocation of smaller

compared to larger plastic particles in mussels. The apparent ability of mussels to retain
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smaller sizes of microplastics was supported by its findings that mussels contained more
(44%—83%) of the smaller sizes of microplastics (less than 250 um) compared to waters
with only 30%—40%. This hypothesis does not really match our results, as microplastics
did not differ much in size between surface waters and mussels and were, on average,
larger in mussel tissues (1.918 + 1.229 mm). In this study, despite trying to collect
individuals in the same size range, mussels differed greatly across sampling locations.
Mussels collected from Braco Sul were significantly bigger with an average size of 6.22
cm whereas those collected in the north arm (Marina and Brago Norte) were the smallest
at 3.31 and 3.54 cm, respectively. Habitat can be a cause of size variability between
mussel communities (Atkinson et al., 2012). As shown in Bréte et al. (2018), bigger
mussels are potentially able to filter more pollutants, including microplastics. This could
be the main reason behind a spike in abundance in Brago Sul, where the mussel
communities had higher sizes. We also cannot disregard human error in the identification
of the microplastics as it is a process totally dependable on the observer and some
microplastics can be hard to detect.

So far, there has only been one study conducted in the Mondego Estuary regarding
microplastic contamination (Bessa et al., 2018). Regarding morphological characteristics,
fibers were the most common type of microplastic swallowed by fish inside the estuary,
accounting for 96% of the total incidence. Microfibers of synthetic origin, specifically,
accounted for the vast majority (> 80%) of microplastics detected in the marine
environment and consumed by biota. These results are compatible with those collected
from mussels in this study, as the type of microplastic with the highest abundance in their
tissues was also fibers (75.94 %). The color, length, and polymer type of the fibers
recovered from fish in the Mondego estuary also differed. Blue, transparent, and black
were the most common colors. In this study, blue was the most ingested color of
microplastic (40.76%). On another hand, the second and third highest frequencies for
color were red (15.24%) and green (15.05%). It was hypothesized that the color of these
particles, as well as their resemblance to food, contributed to their ingestion by fish. Two
possible explanations given for the high frequency of blue and transparent fibers found
in the estuary were trawl nets or the breakdown of lost gears. Jabeen et al. (2017) proposed
freshwater and transitional systems to be more susceptible to fiber contamination than the
marine environment due to their proximity to point sources of fiber discharges. These

results coincide with this theory. Although the principal sources and sinks of fibers in
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aquatic environments are not yet well established, wastewater treatment plant (WWTP)
effluents are frequently pinpointed as a substantial point supply of fibers to the
environment. WWTP effluents from home laundry emissions and fragmentation of
fishing gear (e.g., ropes and nets) can be the root source of many fibers found in the
Mondego estuary, as there are two different stations discharging to the river. Additional
sources of fibers have been identified as lost and discarded fishing and leisure sailing
gear. Welden and Cowie (2017) studied the breakdown of regularly used polymer ropes
(polypropylene, polyethylene, and nylon) and estimated that the rate of microfiber release
in benthic habitats, referring simply to gear losses (mass of microplastic created), is
around 3968 tons per month. Furthermore, according to Dris et al. (2017), air fiber
shedding is also a significant route for the propagation of microfiber pollution into the
environment and should be considered when evaluating fiber contamination in aquatic
ecosystems. Qu et al. (2018) also stated that while other types of microplastics (e.g.,
beads) are more readily swallowed by mussels over shorter periods of time, fibers in
mussels are the product of long-term accumulation in the marine environment and other
types could also be digested more quickly than fibers if consumed. Therefore, a higher
abundance of fibers in stations where water time retention is shorter (Brago Sul) follows

what was expected.

4.3 Mussels as bioindicators of microplastic contamination

Regarding microplastic abundance, stations located in the north arm of the estuary
(Marina and Brago Norte) were the only ones significantly more microplastic
contamination compared to other locations when it came to surface waters (P(PERM) >
0.05). In mussels, on another hand, the only location which had significant discrepancy
with the rest was Braco Sul, on the south arm of the estuary (P(PERM) < 0.05). Therefore,
it wasn’t possible to correlate the abundance of microplastic contamination between
mussels and surface waters.

Concerning morphological characteristics of the microplastics recovered, there was also
no apparent direct correlation between surface waters and those inside mussels. In surface

waters, there was a large percentage of blue microplastics found in the north arm of the
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estuary. The percentage of blue particles in these two stations only accounted for 78.4%
of all the blue microplastic debris found. In other stations the color distribution was more
heterogeneous and did not display clear differences. Coastal stations had slightly higher
percentages of blue microplastics as well, but the stations influenced by water in the south
arm showed higher values of black and gray microplastics. Specifically, 54.55% of the
gray particles found in surface waters were collected in Brago Sul and Embocadura
displayed an abundance of 45.45% of black microplastics.

There are a few reasons that could explain these results, which are not consistent with
similar past studies where correlation between the two could be seen (Qu et al., 2018).
Because the water is constantly moving and locations are influenced by tides as well as
discharges made to the Mondego River, the water collected for analysis is but a
momentary representation of the contamination the estuary is subjected to. Mussels, on
another hand, are sessile filter-feeding animals, therefore the time of residence of
pollutants is expected to be much bigger inside their tissues compared to surface waters.
The total volume of water collected for samples was also a somewhat low and,
consequently, might have not been the ideal amount, as it was only 10 L. Considering the
samples were also collected during low tide and there is influence of freshwater from the
river mainly in the north arm of the estuary (confirmed by similar salinity values in the
two stations), the contaminants present are likely to include those from WWTP and other
anthropogenic sources related to industrial activities, mercantile and fishing harbors, salt
extraction, aquaculture farms, and agriculture areas as demonstrated in Bessa et al.,2018
(Gaspar et al., 2017). Wastewater treatment plants are responsible for the discharge of
primary microplastics and, specifically, a high number of microplastic fibers from the
breakthrough of synthetic fabrics to freshwater systems and transitional ecosystems
(Browne, 2015; Napper and Thompson, 2016), which aligns with the results obtained in
this study. The concentration of pollutants inside mussels, including microplastics, has
also been shown to tend to stabilize after obtaining a balance between intake, assimilation
in tissues and defecation or egestion (Li et al., 2019). The results obtained here also
corroborated the information of Bréte et al. (2018) on mussel biometry and its correlation
to abundance and size of microplastics ingested. Sampling locations in the north arm of
the estuary had smaller mussels with an average size lower than 4 cm (3.31 and 3.54 cm,
respectively), whereas the mussels from Brago Sul were measured 6.22 +0.57 cm average

in size. Having this in consideration, it makes sense that most of the microplastics
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ingested by mussels from Brago Norte and Marina measured only between 2.5 and 3.5
cm whereas most of those in Brago Sul technically surpassed the microplastic size range
of 5 cm, measuring between 5.5 and 7.5 cm. A weak negative correlation was seen
between mussel size and microplastic contamination within surface waters whereas this
value was stronger compared to ingestion of microplastic per gram of wet weight.
Differences in correlation results between abundance in surface waters and indicators like
MP/ind and MP/g w.w., and especially negative ones, might indicate microplastic
ingestion isn’t directly associated with mussel size or weight. Even so, mussel
communities were diverse, and a standardized mussel size range wasn’t possible to
obtain. It’s likely that this fact linked with filtering and digestion/egestion patterns in

mussels as well as difference in residence time might have contributed to these results.

4.4 Final remarks and future steps

This study represented a first approach in testing the ability of using mussels as potential
bioindicators of microplastic pollution in transitional ecosystems such as estuaries. With
the results provided in this study, we can infer that indeed microplastic pollution is
widespread in both estuarine and coastal areas and that mussels are ingesting those
particles in all stations selected from the Mondego estuary (Portugal). It is however, not
clear if they can act as indicators of microplastics pollution instead of sentinels of
microplastic ingestion due to several reasons: This study represented a snapshot and a
temporal scale would be important to test if these patterns are consistent through time;
The sampling stations inside the estuary are relatively close to each other which could
influence these results with no clear variation among the stations and samples; Since this
species are intolerant to low salinities it was not possible to increase the number of
stations upstream, but it was clear that there is an influence of the riverine input of
microplastics in the estuary and that mussels can incorporate microplastics and potentially
accumulate in their organs (differences in the color detected).
For future assessments and studies, it is, therefore, advised on the increase of spatial and
temporal scales, the water sampling effort, and the chemical analyses of

microplastics.
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