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Abstract

The ingestion of microplastics (<5 mm) by aquatic species is one of the current
important environmental threats, specially to human consumption. This study analyzes
the presence of microplastics and their characteristics in two benthic species with high
commercial interest, the European green crab (Carcinus maenas) and the common
cockle (Cerastoderma edule), collected from Mondego estuary, used as a case study.
The gills and digestive system of Carcinus maenas, were also analyzed to assess the
main gateway of interaction between individuals and microplastics, by respiration or
prey ingestion.

A total of 142 microplastics from both species were recovered, ranged from 0.052 mm
to a maximum of 6.313 mm in length. Significant differences were observed in the
number of microplastics between Carcinus maenas and Cerastoderma edule (p<0.05)
and were higher in Carcinus maenas (90%) than in Cerastoderma edule (72%).
Samples of digestive system and gills of crabs were analyzed and 73 microplastics
were reported and higher quantities of microplastics were found in the digestive system
compared to gills (M=58 and M=15, respectively). In general, the most common shape
of microplastics observed was fibers (84.5%) and the most common color was blue
(61.19%).

In addition, significant differences were observed between the levels of microplastics
according to the target organ analyzed in Carcinus maenas (p<0.05), showing that the
principal way of microplastic interaction in this species was via ingestion. Another
relevant result was a negative correlation, in males of Carcinus maenas, between
weight and microplastics ingestion.

The results of this study that suggests Carcinus maenas could be an appropriate
bioindicator species for the assessment of microplastic pollution in transitional zones.
In addition, the results obtained are important as they report the presence of
microplastics in species with high interest commercial.

This study shows for the first time the presence of microplastics in Carcinus maenas

(gills and digestive systems) from Portugal.

Keywords: Microplastics, Bioindicator, Mondego estuary, Carcinus maenas,
Cerastoderma edule.






Resumo

A ingestdo de microplasticos (<5 mm) por espécies aquaticas € uma das actuais
ameacas ambientais, especialmente para o consumo humano. Este estudo analisa a
presenca de microplasticos e as suas caracteristicas em duas espécies de bentos
com elevado interesse comercial, o caranguejo verde europeu (Carcinus maenas) e o
berbigdo comum (Cerastoderma edule), recolhidos no estuario do Mondego, utilizado
como um estudo de caso. As guelras e o sistema digestivo de Carcinus maenas, foram
também analisados para avaliar a principal forma de interacédo entre estes individuos
e microplasticos, por respiracdo ou ingestao de presas.

Foram extraidos um total de 142 microplasticos, variando de 0.052 mm a um maximo
de 6.313 mm de comprimento. Foram observadas diferengas significativas no niumero
de microplasticos entre Carcinus maenas e Cerastoderma edule (p<0,05) e foram
mais elevados em Carcinus maenas (90%) do que em Cerastoderma edule (72%).
Foram analisadas amostras do sistema digestivo e branquias de caranguejos e foram
observados 73 microplasticos e foram encontrados numeros mais elevados de
microplasticos no sistema digestivo em compara¢do com as branquias (M=58 e M=15,
respetivamente). Em geral, a forma mais comum dos microplasticos observados foram
as fibras (84,5%) e a cor mais comum foi 0 azul (61,19%).

Além disso, foram observadas diferencas significativas entre os niveis de
microplasticos de acordo com o 6rgéo alvo analisado em Carcinus maenas (p<0,05),
mostrando que a principal forma de interaccdo de microplasticos nesta espécie era
através da ingestdo. Outro resultado relevante foi uma correlacdo negativa, nos
machos de Carcinus maenas, entre 0 peso e a ingestao de microplasticos.

Os resultados deste estudo sugerem que Carcinus maenas poderia ser uma espécie
bioindicadora apropriada para a avaliacdo da poluicdo de microplasticos em zonas de
transicdo. Além disso, os resultados obtidos sdo importantes, uma vez que relatam a
presenca de microplasticos em espécies com elevado interesse comercial.

Este estudo mostra pela primeira vez a presenca de microplasticos em Carcinus

maenas (branquias e sistemas digestivos) em Portugal.

Palavras-chave: Microplasticos, Bioindicador, Estuario do Mondego, Carcinus

maenas, Cerastoderma edule.
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1.1 Plastic: production, use and waste

The Humankind always made transformations in the environment to our benefit and
developed materials that are not found in nature. The first synthetic material produced
was Parkesine (actually celluloid) in the middle of 19" century, but the first mass
produced plastic - the term “plastic” came from “plastikos”, a Greek word, that means
molding - was Bakelite on 1907 (PlasticEurope,2021). After World War |l the plastic’s

increased exponentially (Figure 1.1).
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Figure 1.1-Plastic production between 1950 and 2018 in the world (blue) and Europe (black) (PlasticEurope
Market Research Group, 2018).

The growth of plastic production bring many benefits to society, nowadays ranks 7%
in European industrial value added, are responsible for 1.5 million jobs in Europe and
enable other industries have technologies advances, like cars industry, healthcare
and renewable energies industry (PlasticEurope, 2020).

In 1950, the plastic production was 1.5 million of tonnes at worldwide level and

increased to 368 million of tonnes in 2019 (PlasticEurope, 2020). In Europe the



production was 57.9 million of tonnes, this value suffer a decrease when compared
to 2018 (PlasticEurope, 2020) but estimates are 61.8 million of tonnes.

There are two main families of plastic (PlasticEurope, 2020) that are divided in:
-Thermoplastics (high production levels, consequently occur more frequently in
environment), can be melted when heated and rigid when cooled. This type of plastic
can be reused by plastic industry due their capacity to be reheated and reshaped
many times.

-Thermoset, suffer a chemical change wen heated. It is only possible heat this type
of plastic one time.

Plastic material can be produced for different feedstock. The plastic with more
demand (Figure 1.2), in Europe, are:

-Polypropylene (PP), mainly used on food packaging, automobiles industry and bank
notes.

-Polyethylene (PE), which includes Low-Density Polyethylene (PE-LD), Linear Low-
Density Polyethylene (PE-LDD) and High-Density Polyethylene (PE-HD), mainly
used in agricultural films, toys, cosmetic package, reusable bags.

-Polyvinyl chloride (PVC), mainly used in pipes, cables, inflatable pools.
-Polyurethane (PUR), mainly used in insulating foams for fridge building insulation.
-Polyethylene terephthalate (PET), mainly used in bottles for water, juices and

cleaners.

25%
29.8%

7.9% '

7.9%
19.40%

10%

mPE mPP mPVC = PUR mPET = Others

Figure 1.2-European plastics demand distribution by resin type in 2019(Source: PlasticEurope, 2020), PE-
Polyethylene, PP- Polypropylene, PVC- Polyvinyl chloride, PUR- Polyurethane, PET- Polyethylene terephthalate.
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These categories of plastics, together, are responsible for 75% of plastic demand in
Europe (PlasticEurope, 2020).

It is undeniable that plastic is part of our lives and replaced other materials like glass
or metal and have many benefits, in consideration demand by segment (Figure 1.3):
1)Food and drink packaging, 50% European goods are packaged in plastics and the
plastic weight has been reduced 28%;

2)construction industry, plastic durability and cheaper and easier to install than
traditional materials;

3) transport industry, pieces on plastic make car lightweight;

4)electronics gadgets due plastic have plastic flame retardants;

5)agriculture in greenhouse, mulching because helps maintain humidity and improves
thermal conditions, in silage and irrigation systems;

6)Household, leisure activities and sports material;

7)others, like medical supplies, furniture, etc...

4.10% 3.40%

9.06%
39.60%

16.70%

20.40%

m Packaging = constuction industry
= Others Car industry
m Electonic industry = Household, leisure activities and sports material

m Agriculture

Figure 1.3-Distribution of European plastic demand by segment in 2019 (Source: PlasticEurope, 2020).
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The majority of plastic products may contain chemicals added during their production
such as UV stabilizers, antioxidants, colorants (Turner, 2016), flame-retardants and
plasticizers.

The plastic is not a problem by itself, in 2018 a total of 29.1 million of tonnes of plastic
waste were collected and only 32.5% was recycled and 25% of plastic waste was sent
to landfill and a great part was single-use plastic (PlasticEurope, 2020). In the same
year, 17.8 million of tonnes of plastic packaging were collected and 3.3 million of
tonnes were disposal in landfill (PlasticEurope, 2020).

Approximately 50% of consumer plastics are single use (UNEP, 2020) and associated
with linear economy (production-transport-consumption-discard), an inefficient waste
management and plastic’s properties, mainly low-cost production, extremely durable
and resistant consequently have low rate degradation in environmental conditions
(Cole et al.,, 2011), and for all of these reasons, plastic is one of the biggest

environmental concern.

1.2 Plastic Pollution

Since Industrial Revolution impacts of anthropogenic pollution have been documented,
for example the famous case of peppered moth, Biston butelaria in United Kingdom
(Cook et al.,, 2012). The term pollution presupposes entrance or presence in
ecosystems of any material or chemical compound that has adverse effects on
environment and biota (National Geographic, 2020).

In 1972, Carpenter and Smith (Carpenter et al., 1972) were the first to alert to the
presence of plastics in the environment, in particular in the North Atlantic. Plastic litter
in marine environment is considered a threat to global marine diversity (Ozturk et al.,
2020) and contamination with plastic debris was observed in diverse environments
such as rivers (Van Emmerik et al., 2020), ocean (Luna-Jorquera et al., 2019),
agricultural farmlands (Piehl et al., 2018) consequently, many studies report ingestion
of plastic by animals, turtles (Santos et al, 2016), by aquatic birds (Basto et al., 2019)
,including penguins (Bessa et al., 2019a; Le Guen et al., 2020), by whales in European
coast (Panti et al., 2019) and over 50 freshwater species are reported to ingest plastic
(Jams et al., 2020).
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Since 1950, 9200 million metric tons of plastic were produced and 5000 million metric
tons of plastic were waste and this value show the problem of linear economy, low
recycling efficiency and this associated with deficit waste management result in
accumulation in ecosystems (Barnes et al., 2009). The main plastic debris observed in
the environment come from human consume and use, for example, from food
packaging, cigarettes, beverage containers (Sheavly and Register, 2007) and the
plastic litter on the streets enter in rivers through surface runoffs, sewers and illegal
disposal and consequently arrive to the sea, leisure activities on the beach and near
to coastline are responsible too for plastic litter arrive to the sea (Sheavly & Register,
2007).

According to the United Nations report (UNEP, 2020), tonnes of plastic leak into the
ocean per year and become exposed to abiotic conditions and biota interactions,
therefore, the plastic litter suffers degradation by different ways. The main cause of
plastic fragmentation is photodegradation that allows for oxidative degradation of the
polymers chain (Andrady et al., 1996), the other ways of plastic degradation are by
biological (animal bite and human activities) and physical factors (wind, wave,
temperature) (Cole et al., 2011).

Over time, plastic suffer degradation and turned into plastic pieces with small size

classified according to size as microplastics and/or nanoplastics (Table 1.1).

Table.1.1 Characterization by size range of plastic litter (Van Cauwenberghe et al.,
2015)

Tipology Size
Macroplastic >2.5cm
Mesoplastic 5 mm-2.5cm
Microplastic 1pum-5 mm
Nanoplastic <lpm

13



1.3 Microplastic pollution

Microplastics (MPs) are plastic particles from 1um to 5 mm (GESAMP, 2016) and have
been documented in many environmental compartments, as in the atmosphere (Cai et
al., 2017), soil (Guo et al., 2020), water (Alam et al., 2019) and biota (Nan et al., 2020)
and in many habitats around the globe as oceans, rivers, estuaries, and lakes (Vianello
et al., 2013, Cincinelli et al., 2017; Firdaus et al., 2020; Pan et al., 2020; Kanhai et al.,

2018; Patria et al., 2020) (Table 1.2).

Table 1.2 Examples of studies reporting the levels of microplastics concentrations

reported for habitat from around the world.

Region Country Environmental ~ N° Microplastics Reference
compartments
Antarctica Water 0.17 £ 0.34 MP Cincinelli et
m™3 al., 2017
Arctic Deep-sea 4356+675 MP kg~!  Bergmann et
sediments al., 2017
Asia Japan Sediments 60—2020 MPs m™  Fisher et al.,
2015
Europe Ireland Biota 1.75+£2.01 MPs per Hara et al.,
(Nephrops individual 2020
norvegicus)
South Ecuador Sediments 1.3 MPs m? Lucas-Solis et
America (River) al., 2021
North United States Water 0.448 MPs m Goldstein et
America of America (Pacific al., 2013
Ocean)
Africa Uganda Water 0.73 MP m™? Egessa et al.,
(Lake 2020
Victoria)
Oceania Australia Sediments 2 -147 MPs Kg*  Townsend et
al., 2019

14



It is possible to divide microplastic in two groups according to their origin: primary and
secondary microplastics (Cole et al., 2011). Microplastics produced to be smaller than
5 mm, are appointed as primary origin, those included in cosmetic products and
toothpaste, resin pellets, which are used as units for plastic industries (Auta et al.,
2017) and the main entry point in the environment is mainly during transportation and
domestic wastewater treatment plants, microplastics from secondary origin results
from the fragmentation of larger items (plastic litter, plastic bags, fishing material and
packaging). According to their shape, microplastic can be divided in groups, for
example fibers, fragments, films, pellets, microbeads, filaments and ropes, sponge and
foam (Arthur and Baker, 2008; Thompson et al., 2004; Bessa et al., 2019b).
Microplastics entry the aquatic environments from different ways: from domestic
wastewater treatment plants, from washing synthetic clothes, for instance, about O to
2g of fibers are released per wash (Hartline et al., 2016) and plastic litter decomposition
(Auta et al., 2017). The wastewater treatment plants are considered one of the main
point source for microfibers (Gouveia, 2018) since for example, one piece of clothes
can release more than 1900 fibers per wash (Browne et al., 2011).

Estuaries are considered the main route of microplastics to the oceans, with estimates
of about, 1.15 to 2.41 million tonnes of plastic litter (macroplastic and microplastic) are
released in the oceans from all rivers, every year (Lebreton et al., 2017).

One of the biggest concern of these particles is the fact that microplastics have the
capacity to adsorb and transport heavy metals (Turner, 2015) and hydrophobic organic
contaminants (HOCQ), as polychlorinated biphenyls (PCBs),
dichlorodiphenyltrichloroethane (DDT), for example, (Bakir et al., 2014). Despite the
most part of these contaminants were banned for a long time, it is possible to find them
in the environment due to their persistence and stability character (Kelce et al., 1995).
These contaminants and plastic additives, added during plastic production, are liable
to bioaccumulation and microplastics are a pathway for their transference to biota
(Bakir et al., 2016; Wang et al., 2016; Brennecke et al., 2016).

Due to the small size of microplastics can be easily ingested by biota. Many studies
have shown that microplastics have ubiquitous distribution (Waller et al., 2017; Di et
al., 2018; Hall et al., 2015; Pegado et al., 2018; Khan et al., 2020) and animals from
different trophic levels are affected too, as zooplankton, turtles, bivalves, seals (Cole
etal., 2014; Caron et al., 2018; Li et al., 2015; Hernandez-Milian et al., 2019). However,
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filter feeders and planktonic suspension species are the most prone to microplastic
ingestion due to the unselective feeding way (Lusher, 2015).

There are two possible ways to ingest microplastics, from trophic transfer (Nelms e
tal., 2018) and directly from the environment (Van Cauwenberghe et al., 2014).
Accidentally microplastic ingestion occurs due the similar size between microplastics

particles and plankton.

1.4 Effects of microplastics on species and ecosystems

Microplastics have low-rate degradation and for that reason not disappears from the
environment and it is frequently ingested by biota. The size of microplastics is very
similar to the plankton size and consequently are accidentally ingested (Wright et al.,
2013). Another factor that increase the probability of ingest microplastics, is the ability
of dimethyl sulfide (DMS) algae colonize them and the presence of DMS indicates the
presence of palatable prey (Procter et al., 2019).

After ingestion, microplastics can be quickly excreted without causing damage to biota
(Browne et al., 2008), but interactions between biota and microplastics can be possible
and physical damage can occur.

Microplastic ingestion can result in less energy for growth (Galloway et al., 2017),
behavior alterations, on (Tosetto et al., 2016) verify changes in anti-predator behavior,
affect reproduction rate (Sussarellu et al., 2016), in cellular level, reduced enzymatic
activity and increase oxidative stress (Sun et al., 2021), all of these consequences
were observed in laboratory. In addition, microplastics can have the ability to adsorb
toxic chemicals and can pose serious threats to aquatic life (Vo and Pham, 2021).
HOCs present many harmful effects to biota, as modify gene expression (Rochman et
al., 2014), affect male rats endocrine system (Kelce et al., 1995).

1.5 The pathways of microplastics from the river to the sea

Estuaries are among the most productive and economically important aquatic

ecosystems (Paerl, 2006) and provide key goods and services, including food for

migratory and resident species, fisheries resources, habitat, an important nursery

zones for fish species (Martinho et al., 2007). Estuaries are transitional zones between
16



rivers/land and sea, consequently freshwater and marine ecosystems. Estuaries are
divide in three sections, 1) upper estuary (linked with river, mainly freshwater), 2)
middle estuary (mix between freshwater and saltwater) and 3) lower estuary (mainly
brackish water) (Dris et al., 2020), the upper estuary is an important point source of
plastic pollution in marine environment, from which approximately 80% of plastic litter
are from land-base (Li et al., 2016) and rivers are responsible for the transport to
marine environment. The other 20% of plastic litter are from ocean-base, due tidal
cycle saltwater enters in estuary, consequently can bring plastic debris from ocean
(Dris et al., 2020). From land-base the main sources (Figure 1.4) are floods, water
discharge from wastewater treatment plant, industrial activities, mismanagement of
solid urban waste.

In coastal cities near rivers, when heavy rain periods occurs, the litter present on
streets are transported to the rivers (Best, 2019).

Industrial activities and water discharge from wastewater treatment plant, WWTP can
remove 78% (Murphy et al., 2016), are the main source of primary microplastic. One
example of industrial activity pollution is plastic resin pellet, between 2 and 5 mm, that
are used as feedstock to plastic industry (Derraik, 2002).

All offshore activities are potential sources of marine litter and can be unintentional or
illegal discard. From ocean-base the main sources include commercial fishing,
recreational activities, debris from diversity ships, debris from oil and gas platforms.
Litter resulting from commercial fishing are nets, polystyrene foam boxes, lines and
ropes and small pieces from degradation of materials.

Estuarine zones are under influence of river flow, responsible for water exchanges
between estuaries and marine environments (Dris et al., 2020). Tidal cycles that
alternate between low and high tide. New or full moon are responsible for the higher
range between low and high tide and consequently the progress of salt water to
estuaries.

Another important characteristic is the residence time of water in estuarine systems,
which is the average time that a water portion stay in a water body. The short residence
time decreases the probability of pollutants standing in water body due to water
exchanges and the long residence time the increases the probability of pollutants
standing and depositing on sediments (Kenov et al., 2012). The sediments in
transitional ecosystems such as estuaries are considered an important sink of

pollutants, including microplastics (Cozar et al., 2014). Microplastics that exceed

17



densities of 1.2 g cm will sink and accumulate in the sediments (Van Cauwenberghe
etal., 2015) and are able to benthos ingestion and for this reason it is important analyze

benthos to provide real data of environmental health conditions (Santana et al., 2016).
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Figure 1.4- potential pathways of microplastic pollution in transitional zones such as estuaries (Horton et

al.2017).

1.6 Biota as bioindicator of microplastic pollution

In ecosystems, there are different trophic levels (producers, primary consumers,
secondary and tertiary consumers) and to understand pollution levels in habitats is
necessary know interactions among these levels (Thompson et al., 2008).
Bioindicators are living organisms, as plants (Matsuoka et al., 1998), unicellular
organisms (Roe and Patterson, 2014) and animals (Camedda et al., 2014; Capillo et
al., 2018) which provide information about the state of ecosystems.

Bioindicator species are able to indicate direct chemicals exposure and accumulation,
in addition, are able to sign potential ecologically adverse effects (Bryan et al., 1985).
Bioindicators might be easy to identify, abundant and easily available for sampling all
year and have a wide distribution (Rainbow, 1995).

It is important to find bioindicator species for microplastic pollution. Use bioindicator

species as sentinels become a common method for the assessment of microplastic
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pollution in certain environmental compartments and become a common established
way for comparisons between different specimens in different countries, rivers and
oceans (Beyer et al., 2017; Zhu et al., 2019).

In many studies, bivalves are used as a common bioindicator species due to their
habitat features being sessile species (Li et al., 2019), that can present the levels of
certains local rather that mobile species. Decapoda was also used as bioindicators of
heavy metals contamination in several studies (Beltrame et al., 2011; Ghedira et al.,
2016). It's important regard the way of feeding and dependence of river sediments.
Some criteria are commonly established to select appropriate bioindicator species for
plastic litter ingestion (Fossi et al., 2018), as background information to understand
biology and ecology of the selected species, habitat information and natural distribution
of species, trophic and feeding behavior information, as feeding mechanisms and
feeding behavior (feeding on schooling, benthivorous feeding, etc.), spatial distribution
to allow adequate spatial coverage, social-economic interest and conservation status
and presence, in literature, of data and statistics from plastic litter ingestion.

It is necessary, identify bioindicators of microplastic pollution to assess the real

extension in aquatic ecosystems.

1.7 Goals of the study

The main goal of this study is to assess the levels of microplastic pollution in two
different species from an estuarine environment: a filter-feeder and top-predator
Cerastoderma edule and Carcinus maenas, respectively, using the Mondego Estuary
(Portugal) as a case study.
In additional, secondary goals were to:
1. Assess the presence and characteristics of microplastic in Cerastoderma edule
and Carcinus maenas.
2. Verify if the presence of microplastic varies between gills and the digestive
system in the green crab.
3. Assess if these species can act as bioindicator of microplastics pollution in

estuarine ecosystems.
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2.1 Study site

The Mondego estuary (Fig.2.1), located on the Atlantic coast of Portugal is about 7 km
long, approximately 2-3 km length and 1072 ha of wetland (Lopes et al., 2000). The
Mondego estuary is a relatively small estuary (860ha) and it consists of two arms, north
and south separated by Murraceira island formed by deposition of detritus transported
by the river. The north arm is deeper (5m-10m, high tide) (Marques et al., 2003), is the
main navigation channel and the location of Figueira da Foz Harbor. The south arm
(2m-4m, high tide) (Marques et al., 2003) is shallower and the water circulation
depends on tidal activity and freshwater input from small tributary, the Pranto river
which is controlled by a sluice and is regulated depending on the water needs in rice
production (Cardoso et al., 2004). The residence time (RT) in the northern arm is 2
days and the RT in the southern arm is 9 days (Flindt et al., 1997).

The Mondego Estuary is the biggest hydrographic basin that is exclusively Portuguese
and for this reason all pollutants observed have origin in Portugal. There are many
stressors located upstream, as agricultura areas (Lopes et al., 2000), industrial activity,
mainly cellulose and paper industry, aquaculture farms and many wastewaters
treatment plant along the river.

Mondego estuary was affected by anthropogenic pressures and pollution, as (Nunes
et al., 2011) documented the presence of PCDD/Fs in sediments and biota, high levels
of nitrogen compounds (nitrites, nitrates, ammonia) that have origin in agricultural
fertilization (Marques et al., 2003) and the presence of microplastics in fish, north arm
(Bessa et al., 2018).
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Figure 2.1- Study area, Mondego estuary, and respective sampling sites M1 and M2 in the intertidal
area of the Mondego estuary (Portugal) (adapted from Costa et al., 2013).

2.2 Study species

The species were selected using some criteria based in the protocol developed by
(Bessa et al., 2019b). The first criteria was the high abundance and wide distribution,
the second criteria was feeding behavior, in this case, two different ways of feeding,
filter-feeder and predator, and two different position in food web, the third criteria was
the commercial importance, the fourth criteria was related with the abundance of
studies that documented microplastic ingestion (Watts et al., 2015) and the fifth criteria
was the presence of studies in literature that use the species as bio-indicator/bio-
monitor (Jebali et al., 2011; Cheung et al., 2006). For these reasons the selected
species were Carcinus maenas and Cerastoderma edule.

The European green crab, Carcinus maenas (Fig 2.2) is an omnivorous predator with
diversity prey food, like molluscs, crustacean and polychaetes (Crothers, 1968;
Calvez, 1987). In the food web of Mondego estuary, the green crab, is considered a

main top-predator (Baeta et al., 2006) and can affect the abundance of commercially
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bivalves (Raffaelli et al., 1989). In this study, the crabs were selected due their

importance in the food web (top-predator) and all the criteria mentioned.

Figure 2.2- Examples of individuals of Carcinus maenas collected from Mondego estuary
presenting sexual dimorphism (A-Female; B-Male)

Bivalvia sp. have an important role in food webs in estuarine ecosystems because they
are the connection between different trophic levels, they are the link between primary
producers and consumers (Verdelhos et al., 2015) and the principal prey of
crustaceans (Sanchez-Salazar et al., 1987) and other species such birds. Bivalvia sp.
are commonly filter-feeders that can ingest phytoplankton, zooplankton and bacteria
and accidentally can ingest microplastic (Hermabessiere et al., 2019), toxins and
heavy metals (Pipe et al., 1999), because they are not selective.

Cerastoderma edule, the common cockle, is abundant in the Mondego estuary and it
is commercially important, they are found from the North of Africa to north Europe and
along European Atlantic coast (FAO, 2021), it is a suspension-feeder living in intertidal
zone in the first centimeters of sediments (Nilin et al., 2012). Due to be a suspension-
feeder, consequently is an unselective feeder, associated with the ability to accumulate
pollutants and is widely used as bioindicator of contaminants (Domingos et al., 2007,
Ricciardi et al., 2006).

If transfer of microplastic from cockle, Cerastoderma edule, to crabs, Carcinus

maenas, occurs could be implications for the rest of the food web.
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2.3 Sample collection

Specimens were collected by hand in the south arm of the Mondego estuary because
this is a deposition zone and the water residence is higher than in north arm.
Individuals from both species, eighty individuals, samples were collected from two
different sites, from each site were collected twenty-five cockles and fifteen crabs
specimens, alive and not damaged and were frozen (-18°C) whenever possible in the
laboratory for further processing.

2.4 Microplastic extraction

For the common cockles, Cerastoderma edule, for all the individuals collected, the
shell were measured and the biological material were removed from the shell, after
defrosted, and weighed (g). The crabs, Carcinus maenas, were weighed, the carapace
measured at the widest point (cm), sexed and the occurrence of females carrying eggs
registered.

After defrost, the carapace was removed and digestive system and gills (Fig.2.3) were
removed and placed separately, that way was possible distinguish between

environmental contamination (gills) or prey contamination (digestive system).

Figure 2.3-Carcinus maenas during removal process of digestive system (blue) and gills (red).
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The entire individuals (for common cockle) and the organs of the crabs were placed
on 250ml glass beakers, one individual per glass and a potassium hydroxide (KOH
10%) was added, at least three times the volume of the sample (Fig.2.4A). The
digestion process occurred during 24 h (fig.2.4B) at 40°C and was covered with Petri
dish. After digestion, the solution was passed through a 63 um steel sieve, cleaned
using distilled water, and then the digested solution were filtered using a vacuum
filtration system through 1.2 um Whatman GF/C microfiber filter and each filter were
placed into a clean Petri dish, closed until stereoscope inspection was complete, and
dried at 40°C for 24h (according to the protocol of Bessa et al., 2018; Bessa et al.,
2019a).

Figure 2.4- (A) Cerastoderma edule after added KOH (10%) and (B) Cerastoderma edule after 24h in
KOH (10%)

The filters were visually inspected under a stereomicroscope Leica M80 in closed Petri
dish, to reduce airborne contamination, to identify possible microplastics and all
particles recovered were photographed using IC80 HD Camera with Leica Application
suite (LAS). Particles collected were classified by color, shape (fiber, tangle of fibers,
fragments and films) and were measured using ImageJ (Image Processing and
Analysis in Java) an open source software.

2.5 Microplastic Verification

Visual identification is an essential step to identify potential microplastics although is
prone to false identification (Lusher et al., 2017) thus microplastics must be verified.

(Kapp et al., 2018), recommend the verification techniques in at least 5% to 10%
potential microplastics, but in this study, all potential microplastics were submitted to

verification techniques. In the first moment, forceps were used and if particles easily
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broke, were exclude for the next process and were removed. The second step was the
hot needle test, that consist in expose a heated needle in contact with potential
microplastics, if melted are consider a synthetic particle (Campbell et al., 2017). This
technique cannot identify the polymer type, which is commonly confirmed using a FTIR

technique or similar, as Raman spectroscopy due to logistical constraints.

2.6 Statistical analysis

After analyzing all filters, data was reported as number of microplastics per individual
and then characterized according to shape, color and size and divided in six classes:
lower than 1mm, 1 to 2mm, 2 to 3mm, 3 to 4mm,4 to 5mm and higher than 5mm. A
frequency table was performed to verify which class was dominant in the samples of
european green crab and the common cockle. ANOVAs were used to determine if
there were significant differences between the length of microplastic from European
green crab and common cockle.

All data was analyzed for normality using Kolmogorov-Smirnov test and Levene’s test
for homoscedasticity. Statistical analysis were made using a significance level a=0.05.
The data were not normally distributed (Kolmogorov-Smirnov: p<0.05) and not
homoscedastic (Levene’s test: p<0.05), therefore non-parametric tests were
performed. The number of microplastic were compared between species using
permutational multivariate analysis of variance (PERMANOVA test) (Anderson, 2001).
Kruskal-Wallis test were performed to assess significant differences between gills and
digestive system from Carcinus maenas. All tests were performed using Past software.
Spearman correlation analyses were performed to test possible relations between
width (carapace and shell) and the number of microplastics in each species and
between weight and the number of microplastics. Subsequently, Spearman correlation
tests were performed, analyzing males and females separately.

Statistical analyses were made using significance level a=0.05. The data were

analyzed using Past software.
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2.7 Contamination controls

To avoid any airborne contamination by fibers the samples were analyzed in a clear
and restricted laboratory room and nitrile gloves and cotton coats were used during
specimen and sample handling to reduce possible airborne contamination. In addition,
all laboratory surfaces, materials (glass materials were submitted to 1% nitric acid
bath) and equipments were clean using distilled water and ethanol. Even with these
procedures, airborne contamination may occur and to quantify this contamination
blank filters in Petri dish were placed in the laboratory during samples processing and
used as control. During the digestion process was used one control glass beaker, only
with the solution KOH 10% and then filtered as described before.

In the end of each day of processing all blank filters were analyzed and if exist
contamination only the individuals processed on that day will be affected by this
contamination and the number of particles/fibers were subtracted to the total number
of particles founded in filters of the samples

The specimens were only manipulated with glass or metal materials.
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3.1 Occurrence of microplastics in Cerastoderma edule and

Carcinus maenas

A total of 142 microplastics (Table 3.1) were found in, Carcinus maenas and
Ceristoderma edule), two species from the Mondego estuary (Table 3.1) (Figure 3.1).
Of the two species collected from south arm of Mondego estuary, 63 of 80 individuals
(78.75%) had ingested microplastics, 27 of 30 green crab (90%) and 36 of 50 common

cockle (72%), with a maximum of 9 microplastics in one individual (Carcinus maena).

Table3.1 Number of sample size (N), number (M) and frequency of occurrence of microplastic

found from Carcinus maenas and Cerastoderma edule

Species Sample  Average Average Number of Frequency Mean
size individual individual  microplastic of MP microplastics
N weight (g)  length (mm) M occurrence per
(%) individual
Carcinus 30 49.42+11.38 54.633+4.84 73 90 2.43+1.91
maenas
Cerastoderma 50 3.82+0.67 24.840+1.57 69 72 1.38+1.23
edule
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Figure 3.1- Examples of microplastics collected from Carcinus maenas and Cerastoderma edule

representing the four shapes found: (A) green fiber, (B) red tangle of fibers, (C) white film and (D) blue

fragment.

3.2 Characterization of microplastics

A total of 142 microplastics were recovered from both species and characterized
according to their shape (Fiber, fragment, film, tangle of fibers), color and length.

In total, microplastics were categorized as fibers (84.5%), followed by fragments
(11.1%), films (2.08%) and tangle of fibers (2.08%) (Figure 3.2). The color distribution
of those particles was similar on two species, being blue the most common color
(63.19%), followed by red (20.83%), green (6.94%), black (5.56%) and white (2.08%).
In common cockle the predominant microplastic type was fibers (87%), followed by
fragments (9%) (Figure 3.3B). As mentioned above, blue was the most common color
(70%), followed by red (22%) and the other colors as white, green and black were
above 5% each (Figure 3.4A). The microplastics recovered in green crab, were mainly
fibers (82%), but we found also, fragments (14%), films (3%) and tangle of fibers (1%)
(Figure 3.2A). A similar pattern was also found for the green crab blue was the most
common color (59%) followed by red (21%), green (11%), black (7%) and white (3%)
(Figure 3.4B).
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Figure 3.2-Microplastic shape distribution collected from Carcinus maenas and Ceratoderma edule.

Items recovered from common cockle ranged from 0.052mm to 4.271mm
(average:1.94 + 1.02 mm). 87% of items were fibers ranging from 0.067 to 4.21mm.
Items recovered from green crab ranged from 0.079mm to 6.313mm (average:1.77 +
1.51 mm) and 82.2% of items were fibers (Figure 3.3).
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Figure 3.3- Microplastic shape distribution extracted from (A) Carcinus maenas and (B) Cerastoderma

edule.
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Figure 3.4- Microplastic color distribution from (A) Carcinus maenas and (B) Cerastoderma edule.

3.3 Comparison between Carcinus maenas and Cerastoderma

edule

When analyzing the number of microplastic collected from green crab and common

cockle (Figure 3.5), significant differences were found in the number of microplastics
between the two species (PERMANOVA: pseudo-F=8.764 and p=0.0038), the number
of microplastics in green crab (M=73) were higher when compared with the number of

microplastics in common cockle (M=69). However, the number of microplastic per

gram (MP/g) were higher in common cockle (0.361 MP/g) than in green crab (0.049

MP/g) (Table 3.2).
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Figure 3.5- Boxplot comparing microplastic distribution
between Carcinus maenas and Cerastoderma edule.

Table3.2 Total number of microplastics (M) and respective number of Microplastics

per gram (MP/qg).

Species Total number of Total weight (g) Mean Microplastic
microplastics (M) per gram (MP/g)
Carcinus maenas 73 1482.53 0.049
Cerastoderma 68 191.1 0.361
edule

The microplastic collected from both species, after type and color characterization,
were divided in classes according to the size (Figure 3.7). The most common class of
microplastics found in green crab is <1mm (36.99%), followed by 1 to 2 mm (34.5%)
and the less frequent class was >5mm (2.74%). In common cockle, the most common
class was 1 to 2 mm (42%), followed by 2 to 3 mm (24.64%), the less frequent class
was >5mm (0%). The classes followed a normal distribution (Kolmogorov-Smirnov;
p>0.05), consequently, an ANOVA test were performed and significant differences
were found (ANOVA test: F=7.004; p=0.01726).
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Figure 3.6- Comparison between classes of microplastics length (mm) by number of

microplastics from Carcinus maenas and Cerastoderma edule

3.4 Comparison between Females and Males of Carcinus

maenas

30 green crabs (Carcinus maenas) were collected from Mondego estuary and 73
microplastics were extracted from their contents. From the total, 13 were females and
17 were males (Figure 3.7). For the total number of males, there were observed 35
microplastics in the digestive system and 8 microplastics in their gills. In females, there
were observed 23 microplastics in digestive systems and 7 microplastics in gills.

Nevertheless, were no significant differences in the number of microplastics between

males and females (Kruskal-Wallis: H=0.7382; p=0.3902) was observed.
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Figure 3.7- Boxplot comparing microplastic distribution between Carcinus maenas genre

Additionally, a Spearman correlation test was performed, to verify a possible link
between the size of individuals (using the carapaces carapace width as a proxy) and
microplastic ingestion and the test revealed a positive correlation between carapace
width and microplastic ingestion (Spearman’s test: rho=0.67; p<4.92*10).

In the order hand, the Spearman correlation test between the weight and microplastic
(Spearman’s test: rho=-0.216; p>0.05) showed no significant correlation (Table 3.3).

Table 3.3 Spearman tests to assess possible relations between MP*Width and

MP*Weight for males and females

Correlation r p
MP*WidthM 0.61 <0.01
MP*WeightM -0.62 <0.01
MP*WidthF 0.082 <0.001
MP*WeightF -0.25 >0.4

The Table 3.3 showed a correlation in MP*WidthF and MP*WidthM as expected, but
showed a negative correlation in MP*WeightM when microplastic ingestion increase,

the weight of male crab decrease.
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3.5 Comparison between organs of Carcinus maenas

Microplastics were found in both organs analyzed for the green crab, the stomach and
gills (Figure 3.8) with 15 microplastics collected from gills and 58 from digestive system
resulting in 90% of green crab contained at least one microplastic in their digestive
system and 46.7% containing microplastic in their gills. The mean number of
microplastics in the digestive system was 2+1.59 microplastic per individual and in the
gills was 0.5+0.56 microplastic per individual. In the total of 58 microplastics recovered
from the digestive system, the predominant type was fibers (81%), followed by
fragments (14%), films (3%), tangle of fibers (2%) and in gills the predominant types
were fibers (87%) and fragments (13%).

Analyzing the data from gills and digestive system significant differences were found
(Kruskal-Wallis: H=18.34; p<0.01).
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Figure 3.8- Comparison between microplastic shape and Carcinus maenas organs (G-

gills, C-digestive system).
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The main goal of my thesis was to assess, for the first time, the occurrence of
microplastics in two different species occupying different niches in the food web of an
estuarine environment. The species selected were a filter-feeder, Ceristoderma edule,
and a top-predator, Carcinus maenas, both collected from the Mondego estuary during
summer 2021. In addition, the study aims at assessing if there was an interrelationship
of microplastic pollution among them. In the literature it is well known, the importance
of estuaries to the transport of microplastics from land to sea and due to the
characteristics of these ecosystems, microplastics tends to remain in these habitats
for long periods increasing the probability of ingestion by several species (Vermeiren
et al., 2016).

The results of this study showed the presence of microplastics in green crab (90%)
and common cockle (72%) and confirms their ubiquity in the Mondego estuary
(Portugal).

4.1 Feeding mode and microplastics distribution

The present study revealed that common cockle and green crab, collected from the
Mondego estuary, ingested microplastics, followed previous results from studies that
reported microplastic pollution in Portuguese estuaries (Bessa et al., 2018; Rodrigues
et al., 2019; Lourenco et al., 2017) and in green crab and common cockle in other
habitats (Vital et al., 2021; McGoran et al., 2020; Cozzolino et al., 2021). Comparing
these results with the literature, it is possible to verify that the number of microplastics
obtained in the present study for the green crab (90%) was higher than those reported
from Ria Formosa lagoon (Vital et al., 2021) that, only one microplastic were found.
The present results are more related with the percentage obtained from C. maenas
collected in the Thames estuary by McGoran et al. (2020) with 71.3% of individuals
with microplastics.

As far as | know, my study is the first to detect microplastic pollution in crabs from
Portuguese estuaries and from the Mondego Estuary, with noticeable levels of
microplastics debris in their content.

Regarding the levels of microplastics pollution recorded in this study for the common
cockle (72%) is lower than the results obtained in (Cozzolino et al., 2021) in Ria
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Formosa lagoon, Portugal (100%) and lower than in Tejo estuary, Portugal (90%)
(Lourenco et al., 2017).

In the literature, the effect of feeding mode on microplastic frequency in species is
somehow contradictory. The number of microplastic obtained for the Baltic Sea (Setala
et al., 2016) was higher in filter-feeders than in predators in contrast to (Bour et al.,
2018) that found more microplastics were found in Enchelyopus cimbrius, fish from
bottom dwellers, and Crangon allmanni, is a shrimp that lives sandy or muddy sea
bottom, from shoreline close to a small marina at Jeloya, Norway comparing with filter-
feeders, from the same site. These results are in line with the results obtained in this
thesis. Microplastics size observed in common cockle (1.94+1.02 mm) were higher
than microplastics in green crab (1.77+1.51 mm), the differences in prey sizes can
explain these results, crabs ingest larger preys then cockle, mostly phytoplankton.
Feeding mode are a variable that affects microplastics ingestion. When comparing
omnivorous, predatory and filter-feeder crabs, omnivorous were the most
contaminated by microplastic, followed by predatory crabs and finally filter-feeder
crabs (Not et al., 2020). Like green crab are omnivorous are more vulnerable to plastic
ingestion.

In this study, significant differences were found between filter-feeders (C. edule) and
predator (C. maenas) in the number of microplastics, concluding that feeding mode
may have influence the uptake of microplastics, these results are in agreement with
the results of Bour et al. (2018).

4.2 Types and characteristics of microplastic observed in

Ceristoderma edule and Carcinus maenas

The only comparable studies that observed microplastic pollution in crabs from
Portugal are studies of Eriocheir sinensis (15.6%) (Wojcik-Fudalewska et al., 2016)
and the only study using green crab, the microplastic occurrence was 0% (Vital et al.,
2021).

Before this study, microplastic ingestion in Mondego estuary had been recorded only
for fish (Bessa et al., 2018).

From the total 142 microplastics observed in common cockle and green crab in this

study, fibers were the predominant type of microplastic extracted, presenting a 84.5%
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frequency of occurrence, followed by fragments with 11.10% frequency of occurrence.
These results are in line with those reported for the Mondego estuary, in commercial
fish, with 96% of the microplastics detected were also fibers (Bessa et al., 2018). But
this fact is also demonstrated for several estuarine environments and marine systems,
for example, in green crab from the Thames estuary, 78% of microplastics observed
were fibers, in fish from Charleston Harbor, estuary on southeastern Atlantic coast of
the United States of America,77.4% of microplastic observed were fibers (McGoran et
al., 2020, Parker et al., 2020).

This result can be explained by the hypothesis described in (Jabeen et al., 2017), that
consider that transitional systems are more prone to fiber contamination due to the
proximity to point discharges of WWTPs and along the Mondego River, the presence
of WWTPs (considered a significant source of fiber pollution) are constant because
two cities are in the vicinity of the estuary.

The predominant color observed from microplastics were identical to other studies,
with blue (63.19%) being the most common color followed by red (20.83%) and green
(6.94%) (Duncan et al., 2019, Giani et al., 2019).

The high percentage of blue color can be explained by the breakdown of trawl nets or

lost fishing equipments in estuary (Bessa et al., 2018).

4.3 Microplastic pollution in resident species from the

Mondego estuary

Despite that plastic ingestion and their effects had been widely reported in laboratory
conditions (Watts et al., 2014), the knowledge is reduced about ingestion in the wild,
with no evidences from the Mondego estuary regarding those species. The
microplastics observed from green crabs could have originated from their habitat and
prey. Microplastic pollution were found in gills and digestive system of the green crab
analyzed, demonstrating that microplastics may enter the individuals directly from the
environment from respiration and/or via prey consumption. In this study, 14 of 30 gills
samples were contaminated with microplastics, corresponding to 47%. In digestive
system, 25 of 30 samples had microplastics, corresponding to 83%, suggesting that

digestive system are more prone to microplastics pollution than gills.
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Microplastics recorded in gills could have been retained during irrigation of the gills
with contaminated water and the most common type was fibers (87%; M=13),
suggesting that fibers were abundant in Mondego estuary. Green crab have the ability
to uptake and retain microspheres (10um) (Watts et al., 2014). The mean microplastic
pollution on the gills was low, with in general, one microplastic per individual and in
digestive system was two microplastics per individual. Consequently, it is possible to
consider the ingestion is the main way of exposure. Murray and Cowie, (2011),
suggested that most of the plastic ingested by crabs in Clyde Sea is derived from
fishing gears. This hypothesis is also possible for the Mondego estuary, due to the
presence of fishing activities, aquacultures and industrial areas.

No significant differences were found between males and females, although males
(58.9%) ingest more microplastics than females (41.1%). The green crab present
sexual dimorphism, females are smaller than males (carapace width, claw, mouth
parts) that can result in decrease of food ingestion rate and consequently reduce the
microplastic ingestion probability (Wojcik-Fudalewska et al., 2016). There was a
correlation between carapace width and microplastic ingestion (Spearman’s test:
rho=0.67; p<4.92*10°), that proof size can be a deciding factor to microplastics
ingestion. A negative correlation was established between weight and microplastics
ingestion in males (Spearman’s test: rho=-0.62; p<0.01), this are in line with the results
obtained by (Watts et al., 2015), that reported decline in their growth potential and
reduced feeding in green crabs. Although significant differences were detected, is

necessary evaluated with higher sampled sizes and individuals from different sizes.

4.4 Bioindicator species

The two analyzed species could be potential bioindicators for microplastics pollution
due biological and ecological characteristics, widely geographic distribution and they
have a great commercial and economic interest. The common cockle is an unselective
feeder then are susceptible to pollutants, including microplastics.

The green crab is a potential bioindicator for microplastics pollution since it is
vulnerable to microplastic pollution, 90% of individual had at least one microplastic,
have a great dietary flexibility (Crothers, 1967; Chaves et al., 2010), as molluscs,

crustaceans and polychaetes.
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Common cockle and green crab are abundant in their habitats and prone to
microplastics and their ecology are well documented (Baeta et al., 2006; Rufino et al.,
2010).

The frequency occurrence of microplastic was higher in green crab than common
cockle and in the particular for the green crab, it is possible to establish a profile of
microplastic pollution in the food chain (analyzing digestive system) and in the water
(analyzing their gills) and might be sensitive to microplastic pollution (negative
correlation between weight and microplastic). In addition, since it is considered a model
organism used as bioindicator to heavy metals and other contaminants (Rodrigues and
Pardal, 2014; Leignel et al., 2014) could be a relevant bioindicator for microplastic

pollution in transitional environments.

4.5 Final remarks and future recommendations

In my thesis, microplastics were documented in two resident species from Mondego
estuary, typically in the form of microfibers possibly coming from wastewater treatment
plants or fishing gears. For the first time microplastic were observed in crabs from
Mondego.

More microplastics and higher frequencies of occurrence were observed in green crab
than in common cockle, however common cockle has higher value of MP/g,
consequently more microplastics in predator than filter-feeder. It is possible that these
microplastic could be transferred via predation to other animals in the Mondego
estuary.

Microplastic pollution were noted in digestive system and in gills. Microplastics levels
in green crab were higher in digestive system than gills, suggesting ingestion is the
main way of interaction between this species and microplastics.

This study suggest green crab could be good bioindicator to microplastic pollution
because it is widely distributed and have commercial interest. Although more studies

are necessary using sediments and water analysis and compare with green crab to
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understand if the microplastics levels in green crab are similar with the sediments
which are considered a microplastics sink.

In the future, it is recommended a higher number of individuals for assessing temporal
and spatial trends and including chemical analysis (U-FTIR) to identify polymer types.
Despite these limitations, this master thesis try to fill the gap of research in transitional
zones from Portugal and with this study it is encouraged to improve knowledge of
microplastics effects in biota from transitional zones and how microplastics can affect
the balance of food chain.

In addition, to prove that there are microplastic transfer in food chain of Mondego
estuary is important assess all trophic level, from plankton to birds.

Further research is also needed to understand the effects of microplastics ingestion in
biota and potential effects to humans health, in order to prepare programs to mitigate

the plastic pollution in these ecosystems.

44



45



References

Alam, F. C., Sembiring, E., Muntalif, B. S., & Suendo, V. (2019). Microplastic
distribution in surface water and sediment river around slum and industrial area
(case study: Ciwalengke River, Majalaya district, Indonesia). Chemosphere,
224, 637-645. doi:10.1016/j.chemosphere.2019.02.188

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of
variance. Austral Ecology, 26(1), 32-46. doi:10.1046/].1442-9993.2001.01070.x

Andrady, A. L., Pegram, J. E., & Searle, N. D. (1996). Wavelength sensitivity of
enhanced photodegradable polyethylenes, ECO, and LDPE/MX. Journal of
Applied Polymer Science, 62(9), 1457-1463. do0i:10.1002/(sici)1097-
4628(19961128)62:9<1457::aid-appl15>3.0.co;2-w

Arthur C, Baker JE, Bamford HA. Proceedings of the International Research Workshop
on the Occurrence, Effects, and Fate of Microplastic Marine Debris, September
9-11, 2008, University of Washington Tacoma, Tacoma, WA, USA. 2009

Auta, H. S., Emenike, C. U., & Fauziah, S. H. (2017). Distribution and importance of
microplastics in the marine environment: A review of the sources, fate, effects,
and potential solutions. Environment International, 102, 165-176.
doi:10.1016/j.envint.2017.02.013

Avio, C. G., Gorbi, S., & Regoli, F. (2015). Experimental development of a new protocol
for extraction and characterization of microplastics in fish tissues: First
observations in commercial species from Adriatic Sea. Marine Environmental
Research, 111, 18-26. doi:10.1016/j.marenvres.2015.06.014

Baeta, A., Cabral, H. N., Marques, J. C., & Pardal, M. A. (2006). Feeding ecology of
the green crab, Carcinus maenas (L., 1758) in a temperate Estuary,
Portugal. Crustaceana, 79, 1181-1193. doi:10.1163/156854006778859506

Bakir, A., O'Connor, I. A., Rowland, S. J., Hendriks, A. J., & Thompson, R. C. (2016).

Relative importance of microplastics as a pathway for the transfer of

46



hydrophobic organic chemicals to marine life. Environmental Pollution, 219, 56-
65. doi:10.1016/j.envpol.2016.09.046

Bakir, A., Rowland, S. J., & Thompson, R. C. (2014). Enhanced desorption of
persistent organic pollutants from microplastics under simulated physiological
conditions. Environmental Pollution, 185, 16-23.
doi:10.1016/j.envpol.2013.10.007

Barnes, D. K. A., Galgani, F., Thompson, R. C., & Barlaz, M. (2009). Accumulation and
fragmentation of plastic debris in global environments. Philosophical
Transactions of the Royal Society B-Biological Sciences, 364(1526), 1985-
1998. https://doi.org/10.1098/rstb.2008.0205

Basto, M. N., Nicastro, K. R., Tavares, A. |., McQuaid, C. D., Casero, M., Azevedo, F.,
& Zardi, G. I. (2019). Plastic ingestion in aquatic birds in Portugal. Marine
Pollution Bulletin, 138, 19-24. doi:10.1016/j.marpolbul.2018.11.024

Beltrame, M. O., De Marco, S. G., & Marcovecchio, J. E. (2011). The burrowing crab
Neohelice granulata as potential bioindicator of heavy metals in estuarine
systems of the Atlantic coast of Argentina. Environmental Monitoring and
Assessment, 172(1-4), 379-389. doi:10.1007/s10661-010-1341-7

Bergmann, M., Wirzberger, V., Krumpen, T., Lorenz, C., Primpke, S., Tekman, M. B.,
& Gerdts, G. (2017). High Quantities of Microplastic in Arctic Deep-Sea
Sediments from the HAUSGARTEN Observatory. Environmental Science &
Technology, 51(19), 11000-11010. doi:10.1021/acs.est.7b03331

Bessa, F., Barria, P., Neto, J. M., Frias, J., Otero, V., Sobral, P., & Marques, J. C.
(2018). Occurrence of microplastics in commercial fish from a natural estuarine
environment. Marine Pollution Bulletin, 128, 575-584.
doi:10.1016/j.marpolbul.2018.01.044

Bessa, Filipa & Frias, Jodo & Kdgel, Tanja & Lusher, Amy & Andrade, Jose & Antunes,
Joana & Sobral, Paula & Pagter, Elena & Nash, Roisin & O'Connor, lan &
Pedrotti, Maria Luiza & Keros, Emmanuelle & Ledn, Victor & Tirelli, Valentina &
Suaria, Giuseppe & Lopes, Clara & Raimundo, Joana & Caetano, Miguel &

47


https://doi.org/10.1098/rstb.2008.0205

Gago, J. & Gerdts, Gunnar. (2019). Harmonized protocol for monitoring
microplastics in biota. 10.13140/RG.2.2.28588.72321/1.

Bessa, F., Ratcliffe, N., Otero, V., Sobral, P., Marques, J. C., Waluda, C. M., . . . Xavier,
J. C. (2019). Microplastics in gentoo penguins from the Antarctic
region. Scientific Reports, 9. doi:10.1038/s41598-019-50621-2

Best, J. (2019). Anthropogenic stresses on the world's big rivers. Nature Geoscience,
12(1), 7-21. doi:10.1038/s41561-018-0262-x

Beyer, J., Green, N. W., Brooks, S., Allan, I. J., Ruus, A., Gomes, T., ... Schoyen, M.
(2017). Blue mussels (Mytilus edulis spp.) as sentinel organisms in coastal
pollution monitoring: A review. Marine Environmental Research, 130, 338-365.
doi:10.1016/j.marenvres.2017.07.024

Bour, A., Avio, C. G., Gorbi, S., Regoli, F., & Hylland, K. (2018). Presence of
microplastics in benthic and epibenthic organisms: Influence of habitat, feeding
mode and trophic level. Environmental Pollution, 243, 1217-1225.
doi:10.1016/j.envpol.2018.09.115

Brennecke, D., Duarte, B., Paiva, F., Cacador, |., & Canning-Clode, J. (2016).
Microplastics as vector for heavy metal contamination from the marine
environment. Estuarine Coastal and Shelf Science, 178, 189-195.
doi:10.1016/j.ecss.2015.12.003

Browne, M. A., Crump, P., Niven, S. J., Teuten, E., Tonkin, A., Galloway, T., &
Thompson, R. (2011). Accumulation of Microplastic on Shorelines Woldwide:
Sources and Sinks. Environmental Science & Technology, 45(21), 9175-9179.
doi:10.1021/es201811s

Browne, M. A., Dissanayake, A., Galloway, T. S., Lowe, D. M., & Thompson, R. C.
(2008). Ingested microscopic plastic translocates to the circulatory system of
the mussel, Mytilus edulis (L.). Environmental Science & Technology, 42(13),
5026-5031. doi:10.1021/es800249a

48



Bryan, W.J. Langston, L.G. Hummerstone, G.R. BurtA guide to the assessment of
heavy metal contamination in estuaries using biological indicatorsOccup. Publ.
Mar. Biol. Assoc. U.K., 4 (1985), pp. 1-92

Cai, L. Q., Wang, J. D., Peng, J. P., Tan, Z., Zhan, Z. W., Tan, X. L., & Chen, Q. Q.
(2017). Characteristic of microplastics in the atmospheric fallout from Dongguan
city, China: preliminary research and first evidence. Environmental Science and
Pollution Research, 24(32), 24928-24935. doi:10.1007/s11356-017-0116-X

Calvez, J. CH. LE, 1987. Location of the chore crab Carcinus maenas L., in the food
web of a managed estuary ecosystem: the Rance basin (Brittany, France).
Invest. Pesq., Barcelona, 51 (1): 431-442.

Camedda, A., Marra, S., Matiddi, M., Massaro, G., Coppa, S., Perilli, A., . . . de Lucia,
G. A. (2014). Interaction between loggerhead sea turtles (Caretta caretta) and
marine litter in Sardinia (Western Mediterranean Sea). Marine Environmental
Research, 100, 25-32. doi:10.1016/j.marenvres.2013.12.004

Campbell, S. H., Willamson, P. R., & Hall, B. D. (2017). Microplastics in the
gastrointestinal tracts of fish and the water from an urban prairie creek. Facets,
2, 395-409. doi:10.1139/facets-2017-0008

Capillo, G., Silvestro, S., Sanfilippo, M., Fiorino, E., Giangrosso, G., Ferrantelli, V., . .
. Faggio, C. (2018). Assessment of Electrolytes and Metals Profile of the Faro
Lake (Capo Peloro Lagoon, Sicily, Italy) and Its Impact on Mytilus
galloprovincialis. Chemistry & Biodiversity, 15(5). doi:10.1002/cbdv.201800044

Cardoso, P. G., Pardal, M. A., Lillebo, A. I, Ferreira, S. M., Raffaelli, D., & Marques, J.
C. (2004). Dynamic changes in seagrass assemblages under eutrophication
and implications for recovery. Journal of Experimental Marine Biology and
Ecology, 302(2), 233-248. doi:10.1016/j.jembe.2003.10.014

Caron, A. G. M., Thomas, C. R., Berry, K. L. E., Motti, C. A, Ariel, E., & Brodie, J. E.
(2018). Ingestion of microplastic debris by green sea turtles (Chelonia mydas)
in the Great Barrier Reef: Validation of a sequential extraction protocol. Marine
Pollution Bulletin, 127, 743-751. doi:10.1016/].marpolbul.2017.12.062

49



Carpenter, E. J., & Smith, K. L. (1972). PLASTICS ON SARGASSO SEA-
SURFACE. Science, 175(4027), 1240-+. doi:10.1126/science.175.4027.1240

Chaves, M. L., Horta, M. S., Chainho, P., Costa, M. J., & Costa, J. L. (2010). New
additions to the feeding ecology of Carcinus maenas (L., 1758) in a South-
western Europe estuary (Portugal). Cahiers De Biologie Marine, 51(3), 229-
238.

Cheung, V. V., Depledge, M. H., & Jha, A. N. (2006). An evaluation of the relative
sensitivity of two marine bivalve mollusc species using the Comet assay. Marine
Environmental Research, 62, S301-S305.
doi:10.1016/j.marenvres.2006.04.053

Cincinelli, A., Scopetani, C., Chelazzi, D., Lombardini, E., Martellini, T., Katsoyiannis,
A., ... Corsolini, S. (2017). Microplastic in the surface waters of the Ross Sea
(Antarctica): Occurrence, distribution and characterization by
FTIR. Chemosphere, 175, 391-400. doi:10.1016/j.chemosphere.2017.02.024

Cole, M., Lindeque, P., Halsband, C., & Galloway, T. S. (2011). Microplastics as
contaminants in the marine environment: A review. Marine Pollution Bulletin,
62(12), 2588-2597. d0i:10.1016/j.marpolbul.2011.09.025

Cole, M., Webb, H., Lindeque, P. K., Fileman, E. S., Halsband, C., & Galloway, T. S.
(2014). Isolation of microplastics in biota-rich seawater samples and marine
organisms. Scientific Reports, 4. doi:10.1038/srep04528

Cook, L. M. (2003). The rise and fall of the Carbonaria form of the peppered
moth. Quarterly Review of Biology, 78(4), 399-
417. https://doi.org/10.1086/378925

Costa, S., Azeiteiro, U.M., & Pardal, M. (2013). The contribution of scientific research

for integrated coastal management: The Mondego estuary as study case.

Cozar, A., Echevarria, F., Gonzalez-Gordillo, J. 1., Irigoien, X., Ubeda, B., Hernandez-
Leon, S., . . . Duarte, C. M. (2014). Plastic debris in the open

50


https://doi.org/10.1086/378925

ocean. Proceedings of the National Academy of Sciences of the United States
of America, 111(28), 10239-10244. doi:10.1073/pnas.1314705111

Cozzolino, L., de los Santos, C. B., Zardi, G. |., Repetto, L., & Nicastro, K. R. (2021).
Microplastics in commercial bivalves harvested from intertidal seagrasses and
sandbanks in the Ria Formosa lagoon, Portugal. Marine and Freshwater
Research, 72(7), 1092-1099. doi:10.1071/mf20202

Crothers, J. H. (1967). The biology of the shore crab Carcinus maenas(L.). The life of
the adult crab.

Derraik, J. G. B. (2002). The pollution of the marine environment by plastic debris: a
review. Marine Pollution Bulletin, 44(9), 842-852. d0i:10.1016/s0025-
326x(02)00220-5

Di, M. X., & Wang, J. (2018). Microplastics in surface waters and sediments of the
Three Gorges Reservoir, China. Science of the Total Environment, 616, 1620-
1627. doi:10.1016/j.scitotenv.2017.10.150

Domingos, F. X. V., Azevedo, M., Silva, M. D., Randi, M. A. F., Freire, C. A., de Assis,
H. C. S., & Ribeiro, C. A. O. (2007). Multibiomarker assessment of three
Brazilian estuaries using oysters as bioindicators. Environmental Research,
105(3), 350-363. d0i:10.1016/j.envres.2007.06.003

Dris, R., Tramoy, R., Alligant, S. and Gasperi J. (2020). Plastic debris flowing from
rivers to oceans: the role of the estuaries as a complex and poorly understood
key interface. Handbook of Miicroplastics in the Environment, Springer, Cham,
pp 1-28.

Duncan, E. M., Broderick, A. C., Fuller, W. J., Galloway, T. S., Godfrey, M. H., Hamann,
M., . . . Godley, B. J. (2019). Microplastic ingestion ubiquitous in marine
turtles. Global Change Biology, 25(2), 744-752. doi:10.1111/gcb.14519

Egessa, R., Nankabirwa, A., Ocaya, H., & Pabire, W. G. (2020). Microplastic pollution
in surface water of Lake Victoria. Science of the Total Environment, 741.
doi:10.1016/j.scitotenv.2020.140201

51



Emes, C. (1989). THE ROLE OF EPIBENTHIC CRUSTACEAN PREDATORS IN AN
ESTUARINE FOOD WEB. Estuarine Coastal and Shelf Science, 28(2), 149-
160. doi:10.1016/0272-7714(89)90062-0

FAO. (2021). Fisheries and aquaculture division,. Food and Agriculture Organization
of the United Nations.

Firdaus, M., Trihadiningrum, Y., & Lestari, P. (2020). Microplastic pollution in the
sediment of Jagir Estuary, Surabaya City, Indonesia. Marine Pollution Bulletin,
150. doi:10.1016/j.marpolbul.2019.110790

Fischer, V., Elsner, N. O., Brenke, N., Schwabe, E., & Brandt, A. (2015). Plastic
pollution of the Kuril-Kamchatka Trench area (NW pacific). Deep-Sea Research
Part li-Topical Studies in Oceanography, 111, 399-405.
doi:10.1016/j.dsr2.2014.08.012

Flindt, M. R., Kamp-Nielsen, L., Marques, J. C., Pardal, M. A., Bocci, M., Bendoricchio,
G., . . . Jorgensen, S. E. (1997). Description of the three shallow estuaries:
Mondego River (Portugal), Roskilde Fjord (Denmark) and the Lagoon of Venice
(Italy). Ecological Modelling, 102(1), 17-31. doi:10.1016/s0304-3800(97)00092-
6

Fossi, M. C., Peda, C., Compa, M., Tsangaris, C., Alomar, C., Claro, F., . . . Baini, M.
(2018). Bioindicators for monitoring marine litter ingestion and its impacts on
Mediterranean biodiversity. Environmental Pollution, 237, 1023-1040.
doi:10.1016/j.envpol.2017.11.019

Galloway, T. S., Cole, M., & Lewis, C. (2017). Interactions of microplastic debris
throughout the marine ecosystem. Nature Ecology & Evolution, 1(5).
doi:10.1038/s41559-017-0116

GESAMP. 2016. Sources, fate and effects of microplastics in the marine environment
(part 2).

Ghedira, J., Chicano-Galvez, E., Fernandez-Cisnal, R., Jebali, J., Banni, M., Chouba,
L., ... Alhama, J. (2016). Using environmental proteomics to assess pollutant

52



response of Carcinus maenas along the Tunisian coast. Science of the Total
Environment, 541, 109-118. doi:10.1016/j.scitotenv.2015.09.032

Giani, D., Baini, M., Galli, M., Casini, S., & Fossi, M. C. (2019). Microplastics
occurrence in edible fish species (Mullus barbatus and Merluccius merluccius)
collected in three different geographical sub-areas of the Mediterranean
Sea. Marine Pollution Bulletin, 140, 129-137.
doi:10.1016/j.marpolbul.2019.01.005

Goldstein, M. C., Titmus, A. J., & Ford, M. (2013). Scales of Spatial Heterogeneity of
Plastic Marine Debris in the Northeast Pacific Ocean. Plos One, 8(11).
doi:10.1371/journal.pone.0080020

Gouveia, R., Antunes, J., Sobral, P., & Amaral, L. (2018). Microplastics from
Wastewater Treatment Plants-Preliminary Data. Proceedings of the
International Conference on Microplastic Pollution in the Mediterranean Sea.
doi:10.1007/978-3-319-71279-6_8

Guo, J. J., Huang, X. P, Xiang, L., Wang, Y. Z,, Li, Y. W,, Li, H., . . . Wong, M. H.
(2020). Source, migration and toxicology of microplastics in soil. Environment
International, 137. doi:10.1016/j.envint.2019.105263

Hall, N. M., Berry, K. L. E., Rintoul, L., & Hoogenboom, M. O. (2015). Microplastic
ingestion by scleractinian corals. Marine Biology, 162(3), 725-732.
doi:10.1007/s00227-015-2619-7

Hara, J., Frias, J., & Nash, R. (2020). Quantification of microplastic ingestion by the
decapod crustacean Nephrops norvegicus from Irish waters. Marine Pollution
Bulletin, 152. doi:10.1016/j.marpolbul.2020.110905

Hartline, N. L., Bruce, N. J., Karba, S. N., Ruff, E. O., Sonar, S. U., & Holden, P. A.
(2016). Microfiber Masses Recovered from Conventional Machine Washing of
New or Aged Garments. Environmental Science & Technology, 50(21), 11532-
11538. doi:10.1021/acs.est.6b03045

53



Hermabessiere, L., Paul-Pont, I., Cassone, A. L., Himber, C., Receveur, J., Jezequel,
R., ... Soudant, P. (2019). Microplastic contamination and pollutant levels in
mussels and cockles collected along the channel coasts. Environmental
Pollution, 250, 807-819. doi:10.1016/j.envpol.2019.04.051

Hernandez-Milian, G., Lusher, A., MacGabban, S., & Rogan, E. (2019). Microplastics
in grey seal (Halichoerus grypus) intestines: Are they associated with parasite
aggregations? Marine Pollution Bulletin, 146, 349-354.
doi:10.1016/j.marpolbul.2019.06.014

Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E., & Svendsen, C. (2017).
Microplastics in freshwater and terrestrial environments: Evaluating the current
understanding to identify the knowledge gaps and future research
priorities. Science of the Total Environment, 586, 127-141.
doi:10.1016/j.scitotenv.2017.01.190

Jabeen, K., Su, L., Li, J. N,, Yang, D. Q., Tong, C. F., Mu, J. L., & Shi, H. H. (2017).
Microplastics and mesoplastics in fish from coastal and fresh waters of
China. Environmental Pollution, 221, 141-149.
doi:10.1016/j.envpol.2016.11.055

Jams, |. B., Windsor, F. M., Poudevigne-Durance, T., Ormerod, S. J., & Durance, I.
(2020). Estimating the size distribution of plastics ingested by animals. Nature
Communications, 11(1). doi:10.1038/s41467-020-15406-6

Jebali, J., Ben-Khedher, S., Ghedira, J., Kamel, N., & Boussetta, H. (2011). Integrated
assessment of biochemical responses in Mediterranean crab (Carcinus
maenas) collected from Monastir Bay, Tunisia. Journal of Environmental
Sciences, 23(10), 1714-1720. doi:10.1016/s1001-0742(10)60617-1

Jeong, J., & Choi, J. (2019). Adverse outcome pathways potentially related to hazard
identification of microplastics based on toxicity mechanisms. Chemosphere,
231, 249-255. doi:10.1016/j.chemosphere.2019.05.003

Kanhai, L. K., Gardfeldt, K., Lyashevska, O., Hassellov, M., Thompson, R. C., &
O'Connor, I. (2018). Microplastics in sub-surface waters of the Arctic Central

54



Basin. Marine Pollution Bulletin, 130, 8-18.
doi:10.1016/j.marpolbul.2018.03.011

Kelce, W. R., Stone, C. R, Laws, S. C., Gray, L. E., Kemppainen, J. A., & Wilson, E.
M. (1995). PERSISTENT DDT METABOLITE P,P'-DDE IS A POTENT
ANDROGEN RECEPTOR ANTAGONIST. Nature, 375(6532), 581-585.
doi:10.1038/375581a0

Kenov, I. A., Garcia, A. C., & Neves, R. (2012). Residence time of water in the
Mondego estuary (Portugal). Estuarine Coastal and Shelf Science, 106, 13-22.
doi:10.1016/j.ecss.2012.04.008

Khan, F. R., Shashoua, Y., Crawford, A., Drury, A., Sheppard, K., Stewart, K., &
Sculthorp, T. (2020). 'The Plastic Nile: First Evidence of Microplastic
Contamination in Fish from the Nile River (Cairo, Egypt). Toxics, 8(2).
doi:10.3390/toxics8020022

Le Guen, C., Suaria, G., Sherley, R. B., Ryan, P. G., Aliani, S., Boehme, L., & Brierley,
A. S. (2020). Microplastic study reveals the presence of natural and synthetic
fibres in the diet of King Penguins (Aptenodytes patagonicus) foraging from
South Georgia. Environment International, 134.
doi:10.1016/j.envint.2019.105303

Lebreton, L. C. M., Van der Zwet, J., Damsteeg, J. W., Slat, B., Andrady, A., & Reisser,
J. (2017). River plastic emissions to the world's oceans. Nature
Communications, 8. doi:10.1038/ncomms15611

Leignel, V., Stillman, J. H., Baringou, S., Thabet, R., & Metais, I. (2014). Overview on
the European green crab Carcinus spp. (Portunidae, Decapoda), one of the
most famous marine invaders and ecotoxicological models. Environmental
Science and Pollution Research, 21(15), 9129-9144. doi:10.1007/s11356-014-
2979-4

Li, J. N., Lusher, A. L., Rotchell, J. M., Deudero, S., Turra, A., Brate, I. L. N., . . . Shi,
H. H. (2019). Using mussel as a global bioindicator of coastal microplastic

55



pollution. Environmental Pollution, 244, 522-533.
doi:10.1016/j.envpol.2018.10.032

Li, J. N., Yang, D. Q., Li, L., Jabeen, K., & Shi, H. H. (2015). Microplastics in
commercial bivalves from China. Environmental Pollution, 207, 190-195.
doi:10.1016/j.envpol.2015.09.018

Li, W. C., Tse, H. F., & Fok, L. (2016). Plastic waste in the marine environment: A
review of sources, occurrence and effects. Science of the Total Environment,
566, 333-349. doi:10.1016/j.scitotenv.2016.05.084

Lopes, R. J., Pardal, M. A., & Marques, J. C. (2000). Impact of macroalgal blooms and
wader predation on intertidal macroinvertebrates: experimental evidence from
the Mondego estuary (Portugal). Journal of Experimental Marine Biology and
Ecology, 249(2), 165-179. doi:10.1016/s0022-0981(00)00202-1

Lourenco, P. M., Serra-Goncalves, C., Ferreira, J. L., Catry, T., & Granadeiro, J. P.
(2017). Plastic and other microfibers in sediments, macroinvertebrates and
shorebirds from three intertidal wetlands of southern Europe and west
Africa. Environmental Pollution, 231, 123-133.
doi:10.1016/j.envpol.2017.07.103

Lucas-Solis, O., Moulatlet, G. M., Guamangallo, J., Yacelga, N., Villegas, L., Galarza,
E., ... Capparelli, M. V. (2021). Preliminary Assessment of Plastic Litter and
Microplastic Contamination in Freshwater Depositional Areas: The Case Study
of Puerto Misahualli, Ecuadorian Amazonia. Bulletin of Environmental
Contamination and Toxicology, 107(1), 45-51. doi:10.1007/s00128-021-03138-
2

Luna-Jorquera, G., Thiel, M., Portflitt-Toro, M., & Dewitte, B. (2019). Marine protected
areas invaded by floating anthropogenic litter: An example from the South
Pacific. Aquatic Conservation-Marine and Freshwater Ecosystems, 29, 245-
259. doi:10.1002/aqc.3095

56



Lusher, A. (2015). Microplastics in the Marine Environment: Distribution, Interactions
and Effects. Marine Anthropogenic Litter, 245-307. doi:10.1007/978-3-319-
16510-3_10

Lusher, A. L., Welden, N. A., Sobral, P., & Cole, M. (2017). Sampling, isolating and
identifying microplastics ingested by fish and invertebrates. Analytical Methods,
9(9), 1346-1360. doi:10.1039/c6ay02415¢g

Marques, J. C., Nielsen, S. N., Pardal, M. A., & Jorgensen, S. E. (2003). Impact of
eutrophication and river management within a framework of ecosystem
theories. Ecological Modelling, 166(1-2), 147-168. doi:10.1016/s0304-
3800(03)00134-0

Martinho, F., Leitao, R., Neto, J. M., Cabral, H. N., Marques, J. C., & Pardal, M. A.
(2007). The use of nursery areas by juvenile fish in a temperate estuary,
Portugal. Hydrobiologia, 587, 281-290. doi:10.1007/s10750-007-0689-3

Matsuoka, H., Kotani, T., Saito, M., & Oh, K. B. (1998). Feasibility of a radicle of
Brassica campestris L. as a bio-indicator of plant growth inhibitors. Journal of
Biotechnology, 62(3), 187-193. doi:10.1016/s0168-1656(98)00067-4

McGoran, A. R., Clark, P. F., Smith, B. D., & Morritt, D. (2020). High prevalence of
plastic ingestion by Eriocheir sinensis and Carcinus maenas (Crustacea:
Decapoda: Brachyura) in the Thames Estuary. Environmental Pollution, 265.
doi:10.1016/j.envpol.2020.114972

Murphy, F., Ewins, C., Carbonnier, F., & Quinn, B. (2016). Wastewater Treatment
Works (WwTW) as a Source of Microplastics in the Aquatic
Environment. Environmental Science & Technology, 50(11), 5800-5808.
doi:10.1021/acs.est.5b05416

Murray, F., & Cowie, P. R. (2011). Plastic contamination in the decapod crustacean
Nephrops norvegicus (Linnaeus, 1758). Marine Pollution Bulletin, 62(6), 1207-
1217. https://doi.org/10.1016/j.marpolbul.2011.03.032

57


https://doi.org/10.1016/j.marpolbul.2011.03.032

Nan, B. X., Su, L., Kellar, C., Craig, N. J., Keough, M. J., & Pettigrove, V. (2020).
Identification of microplastics in surface water and Australian freshwater shrimp
Paratya australiensis in Victoria, Australia. Environmental Pollution, 259.
doi:10.1016/j.envpol.2019.113865

National Geographic (2020). Pollution. Resource Library, Encyclopedic entry.
https://www.nationalgeographic.org/encyclopedia/pollution/  (Accessed in
December 2020).

Nelms, S. E., Galloway, T. S., Godley, B. J., Jarvis, D. S., & Lindeque, P. K. (2018).
Investigating microplastic trophic transfer in marine top
predators. Environmental Pollution, 238, 999-1007.
doi:10.1016/j.envpol.2018.02.016

Nilin, J., Pestana, J. L. T., Ferreira, N. G., Loureiro, S., Costa-Lotufo, L. V., & Soares,
A. (2012). Physiological responses of the European cockle Cerastoderma edule
(Bivalvia: Cardidae) as indicators of coastal lagoon pollution. Science of the
Total Environment, 435, 44-52. doi:10.1016/j.scitotenv.2012.06.107

Not, C., C.Y.l Lui, S. Cannicci (2020).Feeding behaviour is the main driver for
microplastic intake in mangrove crabs. Limnol. Oceanogr. Lett., 5 pp. 84-
91, 10.1002/10l12.10143

Nunes, M., Marchand, P., Vernisseau, A., Le Bizec, B., Ramos, F., & Pardal, M. A.
(2011). PCDD/Fs and dioxin-like PCBs in sediment and biota from the Mondego
estuary (Portugal). Chemosphere, 83(10), 1345-1352.
doi:10.1016/j.chemosphere.2011.02.081

Ozturk, R. C., & Altinok, I. (2020). Interaction of Plastics with Marine Species. Turkish
Journal of Fisheries and Aquatic Sciences, 20(8), 647-658. doi:10.4194/1303-
2712-v20_8 07

Paerl, H. W. (2006). Assessing and managing nutrient-enhanced eutrophication in
estuarine and coastal waters: Interactive effects of human and climatic
perturbations. Ecological Engineering, 26(1), 40-54.
doi:10.1016/j.ecoleng.2005.09.006

58



Panti, C., Baini, M., Lusher, A., Hernandez-Milan, G., Rebolledo, E. L. B., Unger, B., .
. . Fossi, M. C. (2019). Marine litter: One of the major threats for marine
mammals.  Outcomes from the  European Cetacean  Society
workshop. Environmental Pollution, 247, 72-79.
doi:10.1016/j.envpol.2019.01.029

Parker, B. W., Beckingham, B. A., Ingram, B. C., Ballenger, J. C., Weinstein, J. E., &
Sancho, G. (2020). Microplastic and tire wear particle occurrence in fishes from
an urban estuary: Influence of feeding characteristics on exposure risk. Marine
Pollution Bulletin, 160. doi:10.1016/j.marpolbul.2020.111539

Patria, M. P., Santoso, C. A., & Tsabita, N. (2020). Microplastic Ingestion by Periwinkle
Snall Littoraria scabra and Mangrove Crab Metopograpsus quadridentata in
Pramuka Island, Jakarta Bay, Indonesia. Sains Malaysiana, 49(9), 2151-2158.
doi:10.17576/jsm-2020-4909-13

Pegado, T., Schmid, K., Winemiller, K. O., Chelazzi, D., Cincinelli, A., Dei, L., &
Giarrizzo, T. (2018). First evidence of microplastic ingestion by fishes from the
Amazon River estuary. Marine Pollution Bulletin, 133, 814-821.
doi:10.1016/j.marpolbul.2018.06.035

Piehl, S., Leibner, A., Loder, M. G. J., Dris, R., Bogner, C., & Laforsch, C. (2018).
Identification and quantification of macro- and microplastics on an agricultural
farmland. Scientific Reports, 8. doi:10.1038/s41598-018-36172-y

Pipe, R. K., Coles, J. A., Carissan, F. M. M., & Ramanathan, K. (1999). Copper induced
immunomodulation in the marine mussel, Mytilus edulis. Aquatic Toxicology,
46(1), 43-54. d0i:10.1016/s0166-445x(98)00114-3

Plastics Europe (2020). Plastics - the facts 2020 an analysis of European Plastics
Production, Demand and Waste Data, Association of Plastic Manufactures,

Brussels.

PlaticsEurope. (2021, May 24). Retrieved from https://plasticseurope.org/

59



Procter, J., Hopkins, F. E., Fileman, E. S., & Lindeque, P. K. (2019). Smells good
enough to eat: Dimethyl sulfide (DMS) enhances copepod ingestion of
microplastics. Marine Pollution Bulletin, 138, 1-6.
doi:10.1016/j.marpolbul.2018.11.014

Rainbow, P. S. (1995). Biomonitoring of heavy metal availability in the marine
environment. Marine Pollution Bulletin, 31(4-12), 183-192. do0i:10.1016/0025-
326x(95)00116-5

Raffaelli, D., Conacher, A., McLachlan, H., & Pan, Z., Sun, Y., Liu, Q. L., Lin, C., Sun,
X.W., He, Q., ... Lin, H. (2020). Riverine microplastic pollution matters: A case
study in the Zhangjiang River of Southeastern China. Marine Pollution Bulletin,
159. doi:10.1016/j.marpolbul.2020.111516

Ricciardi, F., Binelli, A., & Provini, A. (2006). Use of two biomarkers (CYP450 and
acetylcholinesterase) in zebra mussel for the biomonitoring of Lake Maggiore
(northern Italy). Ecotoxicology and Environmental Safety, 63(3), 406-412.
doi:10.1016/j.ecoenv.2005.02.007

Rochman, C. M., Kurobe, T., Flores, I., & Teh, S. J. (2014). Early warning signs of
endocrine disruption in adult fish from the ingestion of polyethylene with and
without sorbed chemical pollutants from the marine environment. Science of the
Total Environment, 493, 656-661. doi:10.1016/j.scitotenv.2014.06.051

Rodrigues, E. T., & Pardal, M. A. (2014). The crab Carcinus maenas as a suitable
experimental model in ecotoxicology. Environment International, 70, 158-182.
doi:10.1016/j.envint.2014.05.018

Rodrigues, S. M., Almeida, C. M. R,, Silva, D., Cunha, J., Antunes, C., Freitas, V., &
Ramos, S. (2019). Microplastic contamination in an urban estuary: Abundance
and distribution of microplastics and fish larvae in the Douro estuary. Science
of the Total Environment, 659, 1071-1081. doi:10.1016/j.scitotenv.2018.12.273

Roe, H. M., & Patterson, R. T. (2014). Arcellacea (Testate Amoebae) as Bio-indicators
of Road Salt Contamination in Lakes. Microbial Ecology, 68(2), 299-313.
doi:10.1007/s00248-014-0408-3

60



Rufino, M. M., Gaspar, M. B., Pereira, A. M., Maynou, F., & Monteiro, C. C. (2010).
Ecology of megabenthic bivalve communities from sandy beaches on the south
coast of Portugal. Scientia Marina, 74(1), 163-178.
doi:10.3989/scimar.2010.74n1163

Sanchezsalazar, M. E., Griffiths, C. L., & Seed, R. (1987). THE INTERACTIVE ROLES
OF PREDATION AND TIDAL ELEVATION IN STRUCTURING POPULATIONS
OF THE EDIBLE COCKLE, CERASTODERMA-EDULE. Estuarine Coastal and
Shelf Science, 25(2), 245-260. doi:10.1016/0272-7714(87)90125-9

Santana, M. F. M., Ascer, L. G., Custodio, M. R., Moreira, F. T., & Turra, A. (2016).
Microplastic contamination in natural mussel beds from a Brazilian urbanized
coastal region: Rapid evaluation through bioassessment. Marine Pollution
Bulletin, 106(1-2), 183-189. doi:10.1016/j.marpolbul.2016.02.074

Santos, R. G., Andrades, R., Fardim, L. M., & Martins, A. S. (2016). Marine debris
ingestion and Thayer's law - The importance of plastic color. Environmental
Pollution, 214, 585-588. doi:10.1016/j.envpol.2016.04.024

Setala, O., Norkko, J., & Lehtiniemi, M. (2016). Feeding type affects microplastic
ingestion in a coastal invertebrate community. Marine Pollution Bulletin, 102(1),
95-101. doi:10.1016/j.marpolbul.2015.11.053

Sheavly, S. B., & Register, K. M. (2007). Marine debris & plastics: Environmental
concerns, sources, impacts and solutions. Journal of Polymers and the
Environment, 15(4), 301-305. doi:10.1007/s10924-007-0074-3

Sun, W., Meng, Z. Y., Li, R. S., Zhang, R. K., Jia, M, Yan, S., . . . Zhu, W. T. (2021).
Joint effects of microplastic and dufulin on bioaccumulation, oxidative stress
and metabolic profile of the earthworm (Eisenia fetida). Chemosphere, 263.
doi:10.1016/j.chemosphere.2020.128171

Sussarellu, R., Suquet, M., Thomas, Y., Lambert, C., Fabioux, C., Pernet, M. E. J., . .
. Huvet, A. (2016). Oyster reproduction is affected by exposure to polystyrene
microplastics. Proceedings of the National Academy of Sciences of the United
States of America, 113(9), 2430-2435. doi:10.1073/pnas.1519019113

61



Thompson RC, Olsen Y, Mitchell RP, Davis A, Rowland SJ, John AW, et al. Lost at
sea: where is all the plastic? Science 2004; 304: 838—838.

Thompson, S. A., Thompson, G. G., & Withers, P. C. (2008). Rehabilitation index for
evaluating restoration of terrestrial ecosystems using the reptile assemblage as
the bio-indicator. Ecological Indicators, 8(5), 530-549.
doi:10.1016/j.ecolind.2007.07.001

Tosetto, L., Brown, C., & Williamson, J. E. (2016). Microplastics on beaches: ingestion
and behavioural consequences for beachhoppers. Marine Biology, 163(10).
doi:10.1007/s00227-016-2973-0

Townsend, K. R., Lu, H. C., Sharley, D. J., & Pettigrove, V. (2019). Associations
between microplastic pollution and land wuse in urban wetland
sediments. Environmental Science and Pollution Research, 26(22), 22551-
22561. doi:10.1007/s11356-019-04885-w

Turner, A. (2016). Heavy metals, metalloids and other hazardous elements in marine
plastic litter. Marine Pollution Bulletin, 111(1-2), 136-142.
doi:10.1016/j.marpolbul.2016.07.020

Turner, A., & Holmes, L. A. (2015). Adsorption of trace metals by microplastic pellets
in fresh water. Environmental Chemistry, 12(5), 600-610. doi:10.1071/en14143

United Nations Environment Programme(2020). The New Plastics Economy Global

Commitment 2020 Progress Report.

Van Cauwenberghe, L., Devriese, L., Galgani, F., Robbens, J., & Janssen, C. R.
(2015). Microplastics in sediments: A review of techniques, occurrence and
effects. Marine Environmental Research, 111, 5-17.
doi:10.1016/j.marenvres.2015.06.007

Van Cauwenberghe, L., & Janssen, C. R. (2014). Microplastics in bivalves cultured for
human consumption. Environmental Pollution, 193, 65-70.
doi:10.1016/j.envpol.2014.06.010

62



van Emmerik, T., & Schwarz, A. (2020). Plastic debris in rivers. Wiley Interdisciplinary
Reviews-Water, 7(1). doi:10.1002/wat2.1398

Verdelhos, T., Marques, J. C., & Anastacio, P. (2015). The impact of estuarine salinity
changes on the bivalves Scrobicularia plana and Cerastoderma edule,
illustrated by behavioral and mortality responses on a laboratory
assay. Ecological Indicators, 52, 96-104. doi:10.1016/j.ecolind.2014.11.022

Vermeiren, P., Munoz, C. C., & lkejima, K. (2016). Sources and sinks of plastic debris
in estuaries: A conceptual model integrating biological, physical and chemical
distribution  mechanisms. Marine  Pollution  Bulletin, 113(1-2), 7-16.
doi:10.1016/j.marpolbul.2016.10.002

Vianello, A., Boldrin, A., Guerriero, P., Moschino, V., Rella, R., Sturaro, A., & Da Ros,
L. (2013). Microplastic particles in sediments of Lagoon of Venice, Italy: First
observations on occurrence, spatial patterns and identification. Estuarine
Coastal and Shelf Science, 130, 54-61. doi:10.1016/j.ecss.2013.03.022

Vital, S. A., Cardoso, C., Avio, C., Pittura, L., Regoli, F., & Bebianno, M. J. (2021). Do
microplastic contaminated seafood consumption pose a potential risk to human
health? Marine Pollution Bulletin, 171. doi:10.1016/j.marpolbul.2021.112769

Vo, H. C., & Pham, M. H. (2021). Ecotoxicological effects of microplastics on aquatic
organisms: a review. Environmental Science and Pollution Research, 28(33),
44716-44725. doi:10.1007/s11356-021-14982-4

Waller, C. L., Griffiths, H. J., Waluda, C. M., Thorpe, S. E., Loaiza, I., Moreno, B., . ..
Hughes, K. A. (2017). Microplastics in the Antarctic marine system: An
emerging area of research. Science of the Total Environment, 598, 220-227.
doi:10.1016/j.scitotenv.2017.03.283

Wang, J. D., Tan, Z., Peng, J. P., Qiu, Q. X., & Li, M. M. (2016). The behaviors of
microplastics in the marine environment. Marine Environmental Research, 113,
7-17. doi:10.1016/j.marenvres.2015.10.014

63



Watts, A. J. R., Lewis, C., Goodhead, R. M., Beckett, S. J., Moger, J., Tyler, C. R., &
Galloway, T. S. (2014). Uptake and Retention of Microplastics by the Shore
Crab Carcinus maenas. Environmental Science & Technology, 48(15), 8823-
8830. d0i:10.1021/es501090e

Watts A.J.R., M.A. Urbina, S. Corr, C. Lewis, T.S. Galloway (2015).Ingestion of
plastic microfibers by the crab Carcinus maenas and its effect on food
consumption and energy balance. Environ. Sci. Technol., 49 pp. 14597-
14604, 10.1021/acs.est.5b04026

Wojcik-Fudalewska, D., Normant-Saremba, M., & Anastacio, P. (2016). Occurrence of
plastic debris in the stomach of the invasive crab Eriocheir sinensis. Marine
Pollution Bulletin, 113(1-2), 306-311. doi:10.1016/j.marpolbul.2016.09.059

Wright, S. L., Thompson, R. C., & Galloway, T. S. (2013). The physical impacts of
microplastics on marine organisms: A review. Environmental Pollution, 178,
483-492. doi:10.1016/j.envpol.2013.02.031

Zhu, J. M., Yu, X. Y., Zhang, Q., Li, Y. P., Tan, S. D., Li, D., . . . Wang, J. Z. (2019).
Cetaceans and microplastics: First report of microplastic ingestion by a coastal
delphinid, Sousa chinensis. Science of the Total Environment, 659, 649-654.
doi:10.1016/j.scitotenv.2018.12.389

64



