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Resumo 

Perante o crescente aumento da produção de plástico a nível global, tem vindo a 

verificar-se uma maior consciencialização face à poluição por plásticos nos ambientes 

marinhos. Consequentemente, a investigação nesta área também se desenvolveu, 

havendo um foco nos microplásticos (MP, <5 mm), atualmente reconhecidos como uma 

ameaça global emergente. Estas partículas antropogénicas têm origem tanto em fontes 

terrestres como marítimas. De distribuição generalizada no ambiente marinho, a 

dimensão reduzida dos microplásticos faz com que estejam acessíveis a uma vasta 

gama de espécies marinhas, desde o zooplâncton até aos grandes predadores. Vários 

métodos têm sido desenvolvidos para a amostragem, processamento e análise de 

microplásticos no ambiente mas ainda não foram estabelecidos procedimentos 

operacionais padrão o que dificulta a comparação entre estudos. Atualmente já existe 

alguma legislação que aborda a poluição por plásticos nos oceanos, incluindo os 

microplásticos, como a Diretiva-Quadro Estratégia Marinha (DQEM). Apesar do 

aumento da consciencialização e esforços de regulamentação, persistem lacunas 

significativas de conhecimento, designadamente, como os organismos marinhos 

internalizam os microplásticos e como estas partículas se distribuem pelos diferentes 

tecidos. A informação sobre as características e quantidades de microplásticos nos 

ecossistemas marinhos continua a ser limitada e controversa. Assim, a presente tese 

teve como objetivo abordar estas lacunas críticas de conhecimento, concentrando-se 

especificamente no ambiente marinho pelágico do Nordeste do Oceano Atlântico. 

O Capítulo 2 apresenta os resultados da integração do Tween-20 nos protocolos 

tradicionais de digestão com KOH para a otimização de um método de extração de 

microplásticos de amostras de peixes com uma percentagem elevada de gordura. A 

incorporação do Tween-20 facilitou o processo de digestão e filtração das amostras, 

sem afetar significativamente os espectros de FTIR dos polímeros mais encontrados no 

ambiente marinho. Além disso, o Tween-20 também exibiu um efeito protetor na 

degradação do policarbonato (PC) e do tereftalato de polietileno (PET), melhorando as 

suas taxas de recuperação. Esta otimização foi crucial para as fases subsequentes de 

análise de microplásticos em várias espécies de peixes pelágicos, incluindo algumas 

com alto teor de gordura. 

O Capítulo 3 aborda a acumulação de microplásticos em pequenos peixes pelágicos de 

elevado valor comercial, incluindo a sardinha, o biqueirão e o carapau. Foram 

identificados microplásticos no trato gastrointestinal, nas brânquias e no músculo de 
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todas as espécies estudadas. Dos 118 peixes analisados, 92–96% estavam 

contaminados. Estes resultados destacam a ocorrência generalizada dos microplásticos 

e as suas potenciais implicações para o consumo humano. Além disso, foi ainda 

possível estabelecer uma ligação entre a composição dos microplásticos observada nas 

brânquias de sardinha e biqueirão e na água circundante. 

Os resultados do Capítulo 4 mostram que a dieta dos pequenos peixes pelágicos 

influencia a ingestão de microplásticos. Espécies que consomem presas com 

dimensões mais pequenas apresentaram concentrações mais baixas de microplásticos 

nos seus estômagos em comparação com aquelas que se alimentam de presas 

mesozooplanctónicas maiores. Especificamente, o carapau, que se alimenta de presas 

maiores (>1000 μm), foi a espécie que demonstrou concentrações mais elevadas de 

microplásticos nos seus conteúdos estomacais. 

O Capítulo 5 explorou a presença de microplásticos nos conteúdos estomacais do peixe-

lua pela primeira vez. Foi observado que os espécimes capturados no outono 

apresentavam um maior registo de fibras em comparação com os capturados na 

primavera. 

De uma forma geral, os microplásticos mais encontrados ao longo desta dissertação 

foram fibras, partículas azuis e polímeros como o polipropileno, polietileno, acrílicos e 

polímeros à base de celulose. 

De todas as espécies estudadas, o carapau surge como um bioindicador promissor para 

monitorizar microplásticos nos ecossistemas marinhos pelágicos. Esta seleção teve por 

base diversos fatores, incluindo a sua distribuição generalizada, histórico, habitat, 

características tróficas, comportamento alimentar, importância comercial e 

suscetibilidade à ingestão de microplásticos.  

Em conclusão, com esta tese foi possível avançar significativamente na compreensão 

da contaminação por microplásticos nos ecossistemas marinhos pelágicos, 

proporcionando uma base para estudos futuros e iniciativas de conservação. Os 

resultados apresentados destacam a interligação das espécies e defendem uma 

abordagem holística e abrangente para enfrentar o problema persistente da poluição 

por microplásticos nos oceanos. 

Palavras-chave: Microplásticos, Ecossistema marinho, Peixes pelágicos, Atlântico 

Nordeste, Bioindicador, trato gastrointestinal, brânquias, músculo, FTIR, Tween-20, 

monitorização ambiental  
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Abstract 

As global plastic production continues to rise, the awareness of the ubiquity of marine 

plastics pollution in the marine environments has increased over the past decades.  

Consequently, the research activity in this field increased as well, recently focusing on 

microplastics (MP, <5 mm), which are recognized as an emerging global threat. These 

anthropogenic particles come from both land and sea sources and find their way into the 

ocean through various pathways. Given their small size and widespread distribution in 

the marine environment, microplastics are highly accessible to an extensive range of 

marine species, from zooplankton to top predators. 

Efforts have been made to developing methods to analyse microplastics in 

environmental samples, resulting in various approaches for sampling, processing, and 

analysis. So far, no standard operating procedures exist, but more and more attempts 

on harmonization are made. Legal frameworks, such as the European Marine Strategy 

Framework Directive (MSFD), have been initiated to address marine plastic pollution, 

including microplastics. Despite increased awareness and regulations, significant 

knowledge gaps persist, particularly in understanding how marine organisms take up 

microplastics, the distribution of microplastics in different body tissues, and limited 

information about microplastic characteristics and quantities in marine ecosystems. 

Hence, this thesis aimed to address critical knowledge gaps specifically focusing on the 

pelagic marine environment in the Northeast Atlantic Ocean. The results presented in 

Chapter 2 allowed the introduction of a cost-effective and environmentally friendly 

method that incorporated Tween-20 to enhance the extraction of microplastics from high-

fat fish samples. By integrating Tween-20 into traditional KOH digestion protocols, this 

method effectively prevented the formation of fat layers during digestion, without 

significantly affecting the FTIR spectra of polymers commonly found in marine 

environment. Moreover, Tween-20 exhibited a protective effect on the degradation of 

polycarbonate (PC) and polyethylene terephthalate (PET), enhancing recovery rates. 

The success of this optimized method was pivotal for subsequent phases analysing 

microplastics in various marine pelagic fish species, including those with high fat content. 

The Chapter 3 of this thesis explored the microplastic accumulation in small pelagic fish 

of high commercial value, including European sardine, European anchovy, and horse 

mackerel. The investigation revealed the presence of microplastics in the gastrointestinal 

tract, gills, and muscle. Microplastics were identified in 92–96% of the 118 individual fish 
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analysed, underscoring their widespread occurrence and potential implications for 

human consumption. Moreover, the research established a direct link between the 

composition of microplastics in fish and the surrounding water, particularly evident in the 

gills of European sardines and anchovies. 

Furthermore, the findings from Chapter 4 highlighted that the dietary choices of small 

pelagic fish had an impact on the accumulation of microplastics. Species that primarily 

consumed smaller prey showed lower levels of microplastics in their stomachs compared 

to those that fed on larger mesozooplanktonic prey. Specifically, Atlantic mackerel and 

horse mackerel, which prefer larger prey (>1000 μm), demonstrated higher 

concentrations of microplastics in their stomach contents. 

Moreover, in Chapter 5, microplastics were identified in the stomach contents of ocean 

giant sunfish for the first time, revealing seasonal variations. Notably, specimens caught 

in autumn exhibited a higher registration of fibers compared to specimens caught in 

spring. 

Out of all the species investigated in this thesis, horse mackerel has emerged as a 

promising bioindicator for monitoring microplastics in pelagic marine ecosystems. This 

choice considered several factors, including its widespread distribution, background, 

habitat, trophic characteristics, feeding behaviour, commercial importance, and 

susceptibility to microplastic ingestion. The predominant microplastics identified 

exhibited distinctive characteristics, including a fiber-like structure, blue colouration, and 

a composition of polymer varieties such as polypropylene, polyethylene, acrylic, and 

cellulose-based polymers.  

Overall, this thesis advanced understanding of microplastic contamination in marine 

pelagic ecosystems, providing a foundation for future research and conservation efforts. 

The findings emphasize the interconnectedness of species and advocate for a holistic, 

ecosystem-wide approach to address the pervasive issue of microplastic pollution in 

oceans. 

Keywords: Microplastics, Marine ecosystem, Pelagic fish, Northeast Atlantic Ocean, 

Bioindicator, Gastrointestinal tract, Gills, Muscle, FTIR, Tween-20, Environmental 

monitoring  
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General Introduction  

 

1. Decoding Plastic Definition 

Finding a clear definition of what is a plastic material is rather difficult. Derived from the 

Latin “plasticus” and the Ancient Greek “πλαστικός” (plastikos), the term “plastic” was 

used long before the first modern plastic was invented to refer to materials that could be 

easily molded or shaped (Macionis, 2018). They can be cast, pressed, or extruded into 

a huge range of shapes due to their malleability or plasticity during manufacturing. There 

are various ways to categorize or classify plastics which facilitate understanding 

similarities and differences between materials. 

Chemically speaking, plastics are synthetic or semi-synthetic organic polymers made 

from repeating monomer units and can be categorized based on the side chains and 

backbone molecular building blocks of the polymer (Peters, 2015). Some important 

groups in these classifications are the acrylics, polyesters, silicones, polyurethanes, and 

halogenated plastics. Plastics are often divided into two major groups depending on their 

behaviour when heated: thermoset materials, which cannot be remolded when heated, 

and thermoplastic materials, which can be reheated and remolded (Peters, 2015).   

Other classifications refer to the origin of the raw materials or the ability to degrade under 

certain conditions. Conventional plastics are derived from petroleum or natural gas, 

contributing to their low price and high availability. Bioplastics are plastic materials 

produced from renewable biomass sources, such as vegetable fats and oils, corn starch, 

straw, woodchips and recycled food waste (Harding et al., 2017). Usually, the terms bio-

based and biodegradable are misunderstood or used inappropriately (Lambert and 

Wagner, 2017). Bioplastics are not necessarily biodegradable and not all petroleum-

based plastics are nonbiodegradable. Based on degradation mechanisms, plastics may 

be considered biodegradable, compostable and oxo-degradable (Abdelmoez et al., 

2021). Although these terms are often used interchangeably, they are not synonymous. 

True biodegradability of plastics results from the ability of the polymeric chain to undergo 

processes of degradation into simple molecules (i.e., H2O, CO2, CH4, and organic matter) 

under the action of microorganisms (Iwata, 2015). However, biodegradation may require 

specific conditions of water and temperature, such as those achieved when composting. 

Oxo-degradable plastics are composed of petroleum-based polymers that easily 

degraded into smaller fragments by incorporating pro-oxidants additives that are typically 
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transition metals like nickel, iron, manganese, and cobalt (Abdelmoez et al., 2021). 

However, these smaller fragments are not easily degradable in the environment, raising 

concerns about their environmental fate (Abdelmoez et al., 2021). Moreover, 

international standards for biodegradability present multiple limitations for predicting 

behaviour under natural environments (e.g., testing under unrealistic scenarios; Patrício 

Silva, 2021).  

 

2. The Plastic Era: From Invention to Ecological Implications 

Plastics have become an integral part of our modern society, but their origins can be 

traced back to the mid-19th century. The first plastic material was based on nitrocellulose 

and was produced synthetically by Parkes in 1862 and Hyatt in 1866 (Feldman, 2008). 

The addition of camphor to nitrocellulose led to the first thermoplastic (a modified natural 

polymer) known as celluloid, which was utilized as a substitute for ivory in billiard balls 

(Feldman, 2008). Over time, celluloid gained popularity and found extensive use in 

applications such as photographic film.  

In 1907, Leo Baekeland made a significant breakthrough by inventing the first true 

thermoset plastic called Bakelite. This revolutionary material was created through the 

polycondensation process of phenol with formaldehyde. Bakelite proved to be incredibly 

versatile and was introduced commercially in 1909-1910 (Seymour, 1988). It found 

widespread use in the manufacturing of various products such as telephones, radios, 

and electrical insulators. The successful application of Bakelite marked the beginning of 

the synthetic plastic era and the rising of the plastic industry. Not long after, in 1911, 

Francis Matthews described the thermal and catalytic styrene polymerization to yield a 

substance able to replace celluloid, glass and hard rubber filed. Additionally, in 1926, 

Ostramislenski patented the technique of casting flexible film from a solution containing 

polyvinyl chloride (PVC) and a plasticizer (Seymour, 1989). It was also discovered that 

PVC could become flexible, resembling rubber or leather, when heated in the presence 

of a high-boiling-point liquid. Polypropylene (PP) and polyethylene (PE) were invented in 

the following decades (Andrady and Neal, 2009), further expanding the range of 

available synthetic plastics. Carothers was the inventor of the first synthetic fiber, known 

as nylon 66 and revolutionizing the textile industry (Feldman, 2008). Polystyrene (PS) 

was first manufactured by BASF in the 1930s. Poly(methyl methacrylate) (PMMA) was 

produced in 1933, for aircraft glazing and for a variety of applications particularly where 

transparency and/or good weathering resistance is important (Seymour, 1988). 

Polyethylene terephthalate (PET), known for its excellent barrier properties, was 
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developed in the 1940s and became popular in beverage bottles and food packaging 

(Feldman, 2008).  

During World War II, the importance of plastics escalated significantly due to the scarcity 

of natural resources. Nylon 66, used both as a fiber and an engineering plastic, played 

a crucial role in various military applications such as parachutes, ropes, body armour, 

helmet liners, and more (Feldman, 2008). PVC found particular use in electrical cable 

insulation and sheathing (Feldman, 2008). The post-World War II period witnessed 

remarkable advancements in plastics technology, leading to the continued expansion of 

the plastic industry.  

Plastics have become ubiquitous in our lives, making significant contributions across 

numerous sectors of society. They have revolutionized food packaging, drug delivery, 

refuse derived-fuel, protection against transmissible diseases, as well as applications in 

roads, pavements, and other areas (Kumar et al., 2021). Innovative advancements, such 

as nano-sized polymers, offer new possibilities for drug delivery against deadly diseases, 

including cancers (Xiao et al., 2018). Condoms have played a vital role in preventing HIV 

and other sexually transmitted diseases (Beksinska et al., 2020), while polymers 

scaffolds are engineered for artificial bone and cartilage implants (Shkarina et al., 2018).  

In 2021, the global production of plastics scaled to about 390 million tonnes, 

demonstrating the success of plastic industry (PlasticsEurope, 2022). The packaging 

sector emerged as the dominant force in the plastics market, accounting for 44% of the 

production, while building and construction followed closely at 18%. Additionally, the 

automotive and transportation sector held a 7% share, as did the electrical and 

electronics, household, leisure, and sports sectors, while agriculture, farming, and 

gardening accounted for 4% (PlasticsEurope, 2022). The widespread adoption of 

plastics can be attributed to their relatively low cost, ease of manufacturing, versatility, 

and water-resistance. Over time, they have gradually replaced traditional materials such 

as wood, stone, horn and bone, leather, paper, metal, glass, and ceramics (Andrady and 

Neal, 2009). In Table 1 is summarized the main produced polymers in the world and 

some of their properties.  

While plastics have revolutionized modern life, plastic waste, on the other hand, has 

become the most regularly identified litter type in the ocean and a major global concern. 

Plastic waste accumulates due to overproduction, inappropriate disposal at landfills, and 

inadequate recycling management (Thompson et al., 2009). Currently, only 9% of the 

plastic waste is recycled, while 12% is incinerated, and a staggering 79% is either 

dumped in the environment or landfilled (Geyer et al., 2017). Disposable products used 
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for a short period known as single-use plastics (SUP) contribute significantly to this issue. 

The COVID-19 pandemic has increased the consumption of single-use plastic, 

especially personal protective equipment (PPE) such as face masks, gloves, and gowns, 

as well as plastic used by households to wrap and take food from supermarkets and 

restaurants, generating a further release of plastics into the environment and therefore 

into the oceans (Roberts et al., 2022). 

The early 1970s marked the initial reports of plastic pollution in the oceans (Carpenter 

and Smith, 1972). Subsequent findings, such as the extensive accumulation of plastic 

waste in the North Pacific Gyre, shed light on the magnitude of this issue (Moore et al., 

2001). When plastics leak into the environment, they cause severe problems, such as 

the blockage of waterways, leading to standing water that serves as a breeding niche (to 

mosquitoes, pests, vector-borne diseases transmission), becomes a vector for toxic 

chemicals, and ultimately disturbs the natural cycles (biogeochemical cycle in 

ecosystems) (Kumar et al., 2021). The effects and long-term implications of plastic 

pollution on marine ecosystems are a global concern. They encompass harm to wildlife 

through entanglement or ingestion (Deudero and Alomar, 2015), biomagnification 

(Mattsson et al., 2017), and the release of chemicals accumulated from contaminated 

environmental sources and additives used in plastic manufacturing (Teuten et al., 2009; 

Koelmans et al., 2014). Plastic debris exists in various sizes, categorized as mega (>1 

m), macro (25 mm – 1 m), meso (5 – 25 mm), and micro (<5 mm) (GESAMP, 2019). 

Among these, microplastics stand out due to their small size, enabling extensive 

interactions with organisms and widespread dispersion in natural systems, with limited 

potential for recovery. 
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Table 1 - Types of plastic mainly produced in the world and commonly found in the 
natural environment: density (g.cm-3) and common uses (Yuan et al., 2022; Andrady, 
2011). 

 

  

Type of 
Plastic 

Acronym 
Density  
(g.cm-3) 

Common uses 

Polypropylene PP 0.83-0.85 
Reusable food containers and packaging, 
bottle caps, drinking straws, laboratory 
equipment, rope, netting 

Low-density 
polyethylene 

LDPE 0.91-0.93 
Food wrap film, plastic bags, water pipes, six-
pack rings, bottles, netting, drinking straws 

High-density 
polyethylene 

HDPE 0.94-0.96 
Toy, milk bottles, pipes, plastic bags, 
detergent and oil bottles, cable insulation 

Polyethylene 
terephthalate 

PET 1.38–1.41 

Plastic beverage bottles, packaging, 
processed meat packages, peanut butter/jam 
jars, pillow and sleeping bag filling, textile 
fibers 

Polystyrene PS  1.04–1.08 

Fast food container, disposable plastic cups 
and lids, foam (i.e., “Styrofoam”), CD crystal 
cases, service ware, packaging materials, 
laboratory ware, electronics 

Polyamide PA 1.13-1.35 
Fibers, toothbrush bristles, fishing line, under-
the-hood car engine moldings, making  
films for food packaging 

Polyvinyl 
chloride 

PVC 1.37-1.39 

Plumbing pipes and fittings, cosmetic 
containers, electrical conduit, wall  
cladding, roof sheeting, garden hose, blood 
bags and tubing 

Polycarbonate PC 1.20-1.22 

Construction materials, medical equipment, 
reusable beverage bottles, CDs, DVDs, street 
and car lights, sky-lights, baby bottles, roofs 
of greenhouses, glasses lens, water pipes 

Polyurethane  PU 0.40–0.60 Upholstery, sports mats, packaging bags. 

Acrylonitrile-
butadiene-
styrene  

ABS 1.02–1.08 Automotive applications, pipes 

Styrene 
acrylonitrile  

SAN 1.06–1.10 Cosmetic containers, ballpoint pens, lighters 

Cellulose 
Acetate  

CA 1.28-1.31 Textiles, cigarette filters 
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3. Microplastics as persistent and ubiquitous contaminants in 

marine waters 

The concept of microplastics (MP) was proposed by Thompson et al. (2004) to describe 

the accumulation of microscopic pieces of plastic in marine sediments and in the water 

column of European waters. Later, Arthur et al. (2009) introduced an upper size limit, 

defining microplastics as plastic particles smaller than 5 mm. However, there is still 

ongoing debate about the appropriate definition of microplastics, with only the upper limit 

being clearly defined. Various lower size limits have been proposed, commonly falling 

within the range of 1 to 20 μm (Frias et al., 2019). This variation in definitions presents 

methodological challenges and makes it difficult to compare studies. Nevertheless, the 

most widely used definition considers microplastics as particles less than 5 mm in their 

longest dimensions. It has been adopted by organizations such as the Marine Strategy 

Framework Directive (MSFD) of the European Union and the National Oceanographic 

and Atmospheric Administration (NOAA) for monitoring and implementation purposes.  

Microplastics are classified into two main categories according to their origin: primary 

microplastics and secondary microplastics (Cole et al., 2011). Primary microplastics refer 

to intentionally manufactured microparticles. These primary microplastics include pre-

production resin pellets used in the manufacturing of plastic products, industrial 

abrasives employed for delicate surface treatments and microbeads found in personal 

care products such as facial cleansers, toothpaste, shower gels, scrubs, peelings, eye 

shadow, deodorants, blush powders, makeup foundation, mascara, shaving cream, baby 

products, bubble bath lotions, hair colouring, nail polish, insect repellents, and 

sunscreens (Auta et al., 2017; Cole et al., 2011; Fendall and Sewell, 2009). Furthermore, 

microplastics have been increasingly used in medicine as carriers for pharmaceuticals 

(Auta et al., 2017). Air blasting technology is another application of microplastics, 

wherein acrylic or polyester microplastic scrubbers are employed to remove rust and 

paint from machinery, engines, and boat hulls (Auta et al., 2017). Primary microplastics 

enter the aquatic environment through household sewage discharge, air-blasting 

technology, or accidental release during transportation and processing (Hale et al., 

2020).  

Secondary microplastics are formed through the fragmentation and weathering of larger 

plastics during usage (e.g., textiles, paints, and tires) or after disposal. Weathering is 

predominantly instigated by exposure to solar ultraviolet radiation and subsequent 

autocatalytic thermal oxidation, while the fragmentation process likely arises from 
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mechanical forces acting on weathered plastics (Andrady, 2017). The weathering of 

plastics primarily leads to the accumulation of degradation byproducts, manifesting as 

yellowing and an augmentation of oxygenated components like aldehydes, carboxylic 

acids, and ketones (da Costa et al., 2018). These chemical changes introduce carbonyl 

and hydroxyl functional groups into the polymer structure, serving as indicators to 

determine the relative levels of surface oxidation and relative weathering of specific 

polymers (Rodrigues et al., 2018). Additional reactions such as hydrolysis, 

biodegradation, and complete breakdown of plastics into smaller molecules like H2O and 

CO2 are remarkably gradual processes (Andrady, 2017). The propensity of microplastics 

to continuously fragment contributes to an anticipated increased number of smaller 

particle sizes (Hale et al., 2020). In comparison to primary microplastics, the prevalence 

of secondary microplastics is notably higher within the environment. The process of large 

plastic items deteriorating into microplastics is particularly active along shorelines due to 

the synergistic effects of intense ultraviolet radiation from the sun, abundant oxygen, and 

physical abrasion caused by waves, sediment particles, and wind (Andrady et al., 2022). 

Conversely, in specific aquatic environments like the deep sea, where ultraviolet 

radiation exposure is reduced and temperatures are low, the process of weathering tends 

to be slower.  

Land-based sources account for the majority of microplastics found in the marine 

environment, comprising approximately 80 to 90 percent of the pollution (Andrady, 2011). 

Rivers serve as pathways for transporting microplastics from inland areas to the ocean 

(Lebreton et al., 2017). Plastic debris from municipal drainage systems, sewage 

effluents, and improper management of inland areas can end up in the sea through rivers 

(Yang et al., 2021). Moreover, atmospheric fallout may be another source of synthetic 

fibers in the marine environment (Dris et al., 2016). It is assumed that these fibers in the 

atmosphere come from several sources, including clothes and houses, degradation of 

macroplastics, and landfills or waste incineration (Dris et al., 2016). Because of their light 

weights, microplastics can be transported by the wind to the marine environment (Dris 

et al., 2016). Despite this, ocean-based sources still contribute around 10 to 20 percent 

of the marine microplastic pollution. Microplastics originate from seaside tourism, 

commercial fishing, marine vessels, and offshore industries (Yang et al., 2021). 

Discarded or lost fishing gear, such as plastic monofilament lines and nylon nets, 

constitutes a significant source of microplastics scattered at various ocean depths (Yang 

et al., 2021). Furthermore, microplastic waste from shipping and naval vessels, along 

with plastic waste generated by offshore industries, particularly petrochemicals, 

infiltrates marine ecosystems and worsens the problem (Yang et al., 2021). 
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Independent of the source, microplastics constitute the largest portion of plastic pollution 

in the marine environment, accounting for about 92% of global marine plastic waste 

(Eriksen et al., 2014). These microplastics display variations in composition, colour, size, 

shape, density, and other characteristics (Figure 1) that along with hydrodynamic 

conditions and biofouling influence microplastics fate in marine ecosystems (Long et al., 

2015; Kowalski et al., 2016; Kaiser et al., 2017).  Once released into the ocean, the 

environmental fate of microplastics primarily depends on the polymer density (Table 1) 

which influences buoyancy, position in the water column and the consequent possible 

interaction with biota (Wright et al., 2013). Polyethylene (PE) and polypropylene (PP), 

which have densities lower than water (1.02 g.cm-3), are typically found on the water's 

surface and in the neustonic environment (Sebille et al., 2020). On the other hand, 

polymers with higher density, like polyvinyl chloride (PVC) and polyester, tend to sink to 

the seafloor (Sebille et al., 2020). Additionally, polymer density can change over time 

due to degradation, biofouling attachment or incorporation into organic aggregates and 

these changes are likely to impact the transport dynamics of MP in seawater (Laursen 

et al., 2022; Bagaev et al., 2017; Kaiser et al., 2017). The density of MP can also be 

altered by degradation, fragmentation, and leaching of additives, impacting their 

distribution within the water column.  

 

 

Figure 1 - Key characteristics of microplastics. 
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The dispersion of microplastics in marine environment is additionally influenced by both 

anthropogenic and environmental factors. The presence of microplastics is intricately 

linked to human actions, with coastal regions characterized by dense populations, 

proximity to industrial sites, and the influx of river discharges (Andrady and Neal, 2009). 

Once in the ocean, the small size and low density of microplastics contribute to their 

widespread transport across long distances by ocean currents (Cole et al., 2011). 

Oceanic transport can move buoyant microplastics to distant shorelines or entrained 

particles can accumulate in central ocean regions (e.g., Law et al., 2010). Microplastic 

distribution is further influenced by wind which can promote the vertical movement of 

particles within the water column (Kukulka et al., 2012). Wind, surface currents and 

geostrophic circulation drive the dispersal patterns of microplastics at large scales (Law 

et al., 2010). Conversely, at smaller scales, MP may be confined by turbulent benthic 

boundary layer currents and thermohaline gradient or transported by underlying currents 

(Bagaev et al., 2017). Deep currents may also resuspend the sinking microplastics, 

preventing them from settling to the seafloor and keeping them suspended in the water 

column (Bagaev et al., 2017). Additionally, a number of oceanic phenomena frequently 

facilitate sedimentation processes. For example, dense shelf water cascading, which 

involves the sinking of dense water masses along continental shelves, can transport MP 

to greater depths (Kane and Clare, 2019). Similarly, severe coastal storms and offshore 

convection can also play a role to the settling and distribution of MP (Kane and Clare, 

2019). 

Microplastics are found extensively across marine environments, being widely 

distributed throughout various ecosystems on a global scale (Auta et al., 2017; Akdogan 

and Guven, 2019; Adam et al., 2021; Yang et al., 2021). When it comes to seawater, 

Adam et al. (2021) global overviewed that about 89% of the reported microplastic 

concentrations range from 10-2 to 104 microplastics per cubic meter (MP.m-3). In some 

instances, higher concentrations have been identified in specific regions of the Pacific, 

Atlantic, and Indian oceans. These three major water bodies also exhibit the widest 

variability in concentrations. Measurements conducted in the Mediterranean Sea show 

a common range of concentrations between 10-2 and 10 MP.m-3. The highest reported 

value was 129 MP.m-3 following a flooding event along the Turkish coast. Examining the 

Pacific Ocean, concentrations span between 10-3 and 105 MP.m-3, with 74% of the 

samples taken in this region containing more than 1 MP.m-3, indicating it as the most 

heavily polluted water body in terms of microplastic presence. The Atlantic Ocean data 

encompassed samples from diverse areas, including European, African, North 

American, and South American waters, as well as the North Atlantic subtropical gyre. 



FCUP 
Understanding Microplastic Contamination in Marine Pelagic Ecosystems 

11 

 
 
Concentrations typically fall within the 102 to 104 MP.m-3 range, with an average 

concentration of 3.6 x 103 MP.m-3. Turning to the Arctic Ocean, many samples showed 

no microplastics, and approximately 79% of the reported concentrations range between 

0.23 and 100 MP.m-3. The highest recorded value was 375 MP.m-3, which could be 

attributed to factors like melting sea ice or point sources such as ship wastewater 

discharge. The data in this paragraph is exclusively sourced from Adam et al. (2021), 

encompasses estuarine samples as well and is illustrated in Figure 2. 

 

 

Figure 2 - Global distribution of microplastic concentrations in seawater, based on 
data from Adam et al. (2021). 

 

4. Adverse effects of microplastics on biota 

As oceans and seas become increasingly contaminated with microplastics, marine 

organisms are exposed to the physical and chemical properties of these small plastic 
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particles (Wright et al., 2013). There are two types of chemicals present in microplastics; 

(i) additives and raw materials from plastics; (ii) chemicals that are adsorbed from the 

environment (Campanale et al., 2020). Additives are intentionally included during plastic 

production to enhance qualities such as colour, transparency, and performance, making 

plastics more resistant to degradation by factors like ozone, temperature, and light. They 

include inert or reinforcing fillers, plasticizers, antioxidants, UV stabilizers, lubricants, 

dyes, and flame retardants (EC, 2012). These additives are usually not chemically 

bonded to the plastic polymer. Microplastics have a variety of physical and chemical 

attributes that allow interaction with existing contaminants in the marine environment. 

Due to their hydrophobic nature, microplastics attract hydrophobic pollutants, including 

polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), dichloro-

diphenyl-trichloroethane and its metabolites (DDTs), polybrominated diphenyl ethers 

(PBDEs), alkylphenols and bisphenol (Agboola and Benson, 2021). Microplastics also 

demonstrate unique sorption behaviour towards heavy metals, with respect to surface 

charge and area (Guo and Wang, 2019). In an aquatic environment, pH and ionic 

strength significantly influence the process of adsorption/desorption (Tang et al., 2020; 

Zou et al., 2020), as these variables determine the reactivity and charge state of polymer 

surfaces. The rate of sorption is specific to polymer type and contaminant chemistry, with 

polystyrene and polyethylene demonstrating higher sorption capacities (Turner and 

Holmes, 2015; Liu et al., 2018). Surface roughness enhances sorption, especially in 

older plastics, both in the laboratory and natural conditions (Turner and Holmes, 2015; 

Liu et al., 2019). Sorption capacity is also influenced by surface area, with smaller 

microplastics of the same polymer type showing greater sorption capacity due to their 

increased surface area (Liu et al., 2018).  

Microplastics also serve as a substrate for a wide range of microbial communities, 

leading to the formation of biofilms coined as plastispheres by Zettler et al. (2013). Their 

study identified microplastics as potential hosts for harmful bacteria such as Vibrio spp., 

which pose significant risks to marine food chains (Zettler et al., 2013). Moreover, Maso 

et al. (2003) observed the presence of potential harmful dinoflagellates, including 

Ostreopsis sp. and Coolia sp., along with resting cysts of unidentified dinoflagellates and 

both temporary cysts and vegetative cells of Alexandrium taylori. This suggests that 

microplastics may contribute to the proliferation of harmful algal blooms and facilitate the 

dispersion of marine species (Andrady, 2011). While natural substrates like macroalgae 

provide habitats for microorganisms, microplastics exhibit a more efficient dispersal 

mechanism, potentially increasing the distribution of invasive species (Barnes and 

Milner, 2005).  
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Marine organisms across many trophic levels interact with microplastics through various 

pathways, including contact, ingestion, and respiration. One extensively examined 

interaction is microplastic ingestion (reviewed in Campanale et al., 2020; Lusher et al., 

2017). In aquatic environments, organisms may ingest microplastics directly from their 

surrounding environments due to their inability to differentiate between microplastics and 

their preys (Wright et al., 2013). Alternatively, they can indirectly ingest microplastics by 

consuming organisms that are already contaminated with these tiny particles (Wright et 

al., 2013). The adverse effects of microplastic ingestion have been reported in all the 

different levels of the aquatic food web, from primary producers to top predators. For 

example, microplastics retained within the gastrointestinal tracts of fish can result in 

significant physical abrasions and perforations, leading to reduced nutrient absorption 

and diminished feeding activity due to a false sense of satiety (Jovanović, 2017; Wright 

et al., 2013). Furthermore, microplastic intake can induce anatomical and functional 

alterations in the digestive tracts of fish, leading to dietary and developmental challenges 

(Huang et al., 2022; Jabeen et al., 2018; Peda et al., 2016). Controlled laboratory 

experiments have revealed a range of ecotoxicological effects in response to 

microplastics exposure. For instance, these effects encompass reduced feeding rates, 

slowed growth, decreased oxygen consumption, and alterations in tunicate development 

(Paffenhöfer et al., 2020; Messinetti et al., 2018). Mussels and crabs subjected to 

microplastics have displayed changes in oxidative stress enzymes activity, immune 

responses, increased DNA damage, and disruptions in amino acid metabolism 

(Hariharan et al., 2021; Cappello et al., 2021; Horn et al., 2021; Wang et al., 2021; Revel 

et al., 2019). Zooplankton that consume microplastic particles often suffer from intestinal 

damage, delayed growth, impaired feeding, and changes in behaviour, reproduction, and 

the development of their offspring (Botterell et al., 2019).  

Notable behavioural changes have been observed in various marine organisms during 

these experiments. For instance, beach hoppers (Platorchestia smithi) exhibited weight 

loss and decreased jumping heights (Tosetto et al., 2016), zebrafish (Danio rerio) 

displayed altered daily activity rhythms (Limonta et al., 2019), European seabass 

(Dicentrarchus labrax) showed reduced swimming velocity (Barboza et al., 2018), and 

jacopever (Sebastes schlegelii) exhibited prolonged foraging times, reduced food 

sensitivity, and decreased swimming speeds (Yin et al., 2018). Changes in pulsation 

frequency and immobility were identified in Aurelia sp. jellyfish (Costa et al., 2020). 

Similarly, reduced swimming capability and diminished predatory prowess were 

observed in mysid shrimp (Neomysis japonica) (Wang et al., 2020).  
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Furthermore, the toxic effects of microplastics could be enhanced by the adsorbed 

chemicals. These chemicals linked to microplastics have been documented to induce 

cellular toxicity (Rochman, 2015) and have adverse impacts on fish populations (Guven 

et al., 2018). They can also deplete energetic reserves in lugworms and shore crabs 

(Besseling et al., 2019; Watts et al., 2015; Wright et al., 2013), influence metabolic rates 

and survival in Asian green mussels (Rist et al., 2016), and affect growth, development, 

and survival in Daphnia sp. under laboratory conditions (Ogonowski et al., 2016). 

Moreover, after exposure to microplastics, marine copepods, such as Centropages 

typicus, exhibit significant reductions in their algal consumption, ultimately impacting 

their reproductive capacity and overall survival (Cole et al., 2015). 

Microplastics have significant impacts on marine ecosystems, disrupting not only marine 

organisms but also the overall ecological balance. Notably, biomagnification has been 

observed in various fish and other species positioned higher in the food chain. For 

instance, research by Boerger et al. (2010) revealed microplastics in planktivorous fish, 

which subsequently biomagnified in larger predatory species that preyed on these fish. 

In the Mediterranean Sea, biomagnification has been documented in bluefin tuna, 

albacore tuna, and swordfish, as reported by Romeo et al. (2015). Nelms et al. (2019) 

demonstrated the trophic transfer of microplastics from mackerel (Scombrus scombrus) 

to grey seals (Halichoerus grypus). Biomagnifications from marine species to humans 

could occur in the same way. However, despite some research efforts in this field, they 

remain relatively limited. The extensive complexities of biomagnification and trophic 

transfer cannot be comprehensively understood with the current scope of investigations. 

Consequently, further research in this domain is imperative. 

Finally, while laboratory experiments have revealed numerous adverse effects, the 

debate surrounding the risks posed by microplastics in real-world environments persists. 

This debate is powered by disparities between the characteristics of microplastics 

typically used in toxicology studies and those observed in natural environment (Lenz et 

al., 2016). Usually, microplastics employed in toxicological studies are smaller, possess 

more regular shapes, and are in higher concentrations compared to those found in field-

collected samples. Consequently, risk assessments based solely on toxicological study 

results may not be directly applicable. According to existing literature, the available 

evidence does not conclusively support the assertion that microplastics at environmental 

concentrations induce adverse effects on individual organisms (Agathokleous et al., 

2021). However, some researchers argue that the environmental concentrations of 

microplastics may be underestimated due to limitations in analytical methods, particularly 
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when quantifying small microplastics (Ivleva, 2021). These undetected microplastics are 

believed to be more prevalent than their detected counterparts (Conkle et al., 2018), 

potentially directly impacting the accuracy of risk assessments. Furthermore, the 

methodology for assessing the risks of microplastic pollution is controversial among 

scientists (Koelmans et al., 2017). Traditional risk assessment methods developed for 

conventional pollutants such as heavy metals and organic chemicals may not be directly 

transferable to microplastics due to differences in their mechanisms of action and forms 

of existence. 

 

5. Methodologies for monitoring microplastics in marine 

environment 

Methodological choices play a significant role in determining environmental microplastic 

concentrations. Currently, many different methods are used for sampling, extraction, and 

analysis of microplastics (Figure 3) and there is a lack of procedure standardization 

although a great effort has been done in this direction in recent years (Frias et al., 2018; 

Bessa et al., 2019; Gago et al., 2019; GESAMP, 2019). The diversity of methods used 

in microplastic research difficult direct comparisons between study outcomes.  

Plankton nets, which are frequently utilized for seawater microplastic sampling, offer 

multiple towing options—horizontal, vertical, and oblique (Baini et al., 2018; Collignon et 

al., 2014). The main advantage of net sampling is that large volumes of water can be 

sampled relatively quickly (Gago et al., 2019). Their limiting factor is the mesh size that 

can strongly affect the size spectrum of collected particles. Mesh sizes commonly used 

are around 333 or 335 μm but they can vary widely from 50 to 3000 μm (Hidalgo-Ruz et 

al., 2012). These differences can lead to significantly divergent results in terms of 

microplastic concentrations. For instance, concentrations determined using a 100 μm 

net were found to be a hundred times higher than those observed with a 333 μm manta 

trawl (Vermaire et al., 2017). Similarly, the limitation posed by mesh size can result in an 

underestimation of microplastic counts due to the exclusion of smaller particles. A study 

conducted by Barrows et al. (2017) revealed significantly higher microplastic 

concentrations using bulk water methods, indicating both increased counts and a lower 

size limit when compared to net-based sampling. Bulk water sampling devices such as 

Niskin bottles, rosettes, and integrating water samplers provide a comprehensive 

method of collecting microplastics across various size ranges. Yet, their drawback lies in 
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the sampling of relatively smaller water volumes, which might affect the overall 

representativeness of the findings (Cutroneo et al., 2020).  

In the laboratory, most environmental samples require additional processing steps to 

remove organic matter or separate plastic and non-plastic particles. However, these 

additional steps can extend the processing time and potentially introduce the risk of 

particle loss and contamination. Therefore, the standardization and rigorous assessment 

of techniques for microplastics extraction of complex matrices are imperative.  

To isolate plastics from samples, density-based liquids have emerged as a method with 

varied applications across different sample types (Bessa et al., 2019; Gago et al., 2019; 

Frias et al., 2018). In essence, this technique involves mixing a known-density saturated 

salt solution with a sample, allowing settling, and then collecting the overlying material 

for further analysis. This density extraction method proves particularly effective in 

separating plastics from environmental samples, especially marine sediments due to 

their higher density compared to most polymers. The adjustment of solution density 

allows for the selective collection of heavier polymers, with solutions possessing a 

specific density exceeding 1.2 g.cm-3 being frequently employed (Gago et al., 2019). 

While sodium chloride (NaCl) is commonly preferred for its cost-effectiveness and 

environmentally friendly method (Gago et al., 2019), an evaluation of various salt 

solutions demonstrated that NaCl had the lowest recovery rate of microplastics among 

the tested options (Quinn et al., 2017). Higher-density solutions like sodium bromide 

(NaBr) or zinc chloride (ZnCl2) proved more versatile in extracting a broader range of 

plastic polymers (Quinn et al., 2017).  

In many cases, researchers employ digestion to facilitate the isolation of microplastics 

from matrices with organic matter. Digestion has gained distinction in recent years as the 

predominant method for extracting microplastics from biota tissues (Bessa et al., 2019). 

Moreover, digestion can also be applied to sediments and water samples containing 

particulate organic matter (Gago et al., 2019; Frias et al., 2018). Combining digestion 

approaches with density separation can further enhance the efficiency of sample 

extraction. Various digestion methods have been developed, including the use of bases 

such as sodium hydroxide (NaOH; Karami et al., 2017; Dehaut et al., 2016) or potassium 

hydroxide (KOH; Thiele et al., 2019; Karami et al., 2017; Dehaut et al., 2016); simple 

and/or mixtures of acids such as nitric acid (HNO3), hydrochloric acid (HCl), and 

perchloric acid (HClO4) (ICES, 2015; Van Cauwenberghe et al., 2015; Claessens et al., 

2013); oxidants like hydrogen peroxide (H2O2) and peracids (Avio et al., 2015; Nuelle et 

al., 2014); and enzymatic digestion (von Friesen et al., 2019; Catarino et al., 2017; Cole 
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et al., 2014). However, each digestion method has its own advantages and 

disadvantages. Acids can lead to substantial destruction of biogenic compounds, ranging 

between 94–98%, but they can also dissolve polymers (Enders et al., 2016; Claessens 

et al., 2013). Potassium hydroxide (KOH) at a 10% solution can completely remove 

organic matter, and various adaptations of this procedure exist, including incubation at 

room temperature for several weeks or elevated temperatures (40°C or 60°C) (Karami 

et al., 2017; Dehaut et al., 2016). However, increased temperatures and molarity can 

lead to discoloration and degradation of certain plastic polymers, such as polycarbonate, 

cellulose acetate, PET, and PVC (Thiele et al., 2019; Karami et al., 2017; Dehaut et al., 

2016).  Hydrogen peroxide (H2O2) serves as an efficient oxidizer for removing organic 

material. Nonetheless, the use of a 30% solution of hydrogen peroxide has been 

associated with polymeric changes, including colour alterations and size reduction 

(Karami et al., 2017). Sometimes, its application has even led to foam formation and 

reduced extraction efficiency (Karami et al., 2017). Enzymatic digestion protocols may 

be preferential due to the biological specificity of enzymes. However, using enzymatic 

digestion to target specific types of organic matter needs either a comprehensive 

understanding of the organic matter present in the matrix or a combination of multiple 

enzymatic digestions for effective results. The use of Proteinase-K as an enzymatic 

protocol has been most widely applied, but certain biological materials, such as shells, 

carapaces and wood are not broken down by Proteinase-K (Cole et al., 2014). Given the 

potential variability in extraction efficiencies, all methods should be tested in laboratory 

settings both before and during their application, as efficiency outcomes can differ based 

on the individuals performing the tasks. Therefore, the development of methods that 

incorporate automated separation and analysis processes, thereby minimizing human 

errors and the introduction of contaminants, is an urgent necessity. 

Various techniques are available for microplastic identification and characterization. 

Early microplastics studies primarily relied on visual identification. Visual identification 

involves observing potential microplastics on filters with the naked eye or a microscope. 

Different microscopes, including fluorescence (Cai et al., 2018), dissection (Sagawa et 

al., 2018), optical (Bagaev et al., 2018), electron (Leslie et al., 2011), stereo (Zobkov et 

al., 2019), binocular (de Lucia et al., 2014), inverted (Gorokhova, 2015), and vertical 

(Setälä et al., 2016) were utilized. Microscopes may be equipped with a camera, and 

therefore, microplastics can also be photographed and subsequently analysed (Lopes et 

al., 2020). Three criteria were established for visual microplastics recognition: particles 

should lack visible cellular or organic structures, fibers should maintain consistent 

thickness, and particles should display uniform coloration (Hidalgo-Ruz et al., 2012). 
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Meeting these criteria defines particles as plastic (Hidalgo-Ruz et al., 2012). Melting and 

hot needle tests can further assess if observed particles are plastic (Enders et al., 2015). 

However, these tests may compromise particles and are typically used on uncertain 

particles. For enhanced microplastics identification, artificial colours can be used, with 

Nile Red being a commonly employed fluorescent dye (Meyers et al., 2022). 

Nonetheless, visual identification has limitations, notably in terms of observational errors 

and misclassifications. Even when counting under a microscope, disparities can emerge 

among different users, especially when dealing with particles smaller than 500 μm, where 

the risk of misidentification is elevated due to subjectivity (Hidalgo-Ruz et al., 2012). 

Currently, the prevalent techniques employed for the chemical characterization analysis 

of microplastics encompass scanning electron microscope-energy-dispersive X-ray 

(Wang et al., 2017), Fourier transform infrared spectroscopy (FTIR; Lopes et al., 2020), 

Raman spectroscopy (Araujo et al., 2018), thermal analysis (Majewsky et al., 2016), 

pyrolysis gas chromatography mass spectrometry (Py-GC/MS; Hendrickson et al., 

2018), and liquid chromatography (Wang et al., 2017). Among these techniques, 

spectroscopic methods such as FTIR and Raman spectroscopy are particularly popular 

(Xu et al., 2019). They identify microplastic particles by analysing their unique vibrational 

spectrum, specific to each polymer type (Xu et al., 2019). Moreover, these spectroscopic 

methods can be integrated into microscopic setups, enabling chemical imaging. 

Chemical imaging, which combines digital imaging with spectroscopic measurements, 

offers several advantages over other analytical methods. Firstly, it is non-destructive and 

may be non-contact, allowing for multiple results to be collected from various instruments 

(Xu et al., 2019). Secondly, chemical imaging provides enriched information on spatial 

and spectral features, facilitating the characterization of morphology and chemical 

composition. This is especially valuable considering that the analysis of microplastics 

encompasses multiple dimensions, including the chemical composition, size, shape, 

colour of individual particles, and the abundance of each polymer type within a sample. 

Additionally, there is potential to develop an automated pipeline for spectroscopic 

analysis, which is more efficient, and labour-saving compared to other methods. Raman 

spectroscopy is a preferred choice for small microplastics due to its higher size resolution 

(Xu et al., 2019). It can detect particles as small as 1 µm and even smaller (approximately 

300 nm) when utilizing µ-Raman imaging (Xu et al., 2019). On the other hand, FTIR has 

a less precise size resolution, as it can only detect particles down to a size of 10-20 µm 

(Xu et al., 2019). This limitation arises from the diffraction-limited resolution of infrared 

spectroscopy, which prevents the analysis of smaller particles. It's worth noting that 

samples with thicknesses less than approximately 5 µm, such as films or fibers, may 
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struggle to produce sufficient absorbance for interpretable spectra when using FTIR. 

However, nanoscale IR analysis can be achieved by combining with atomic force 

microscopy (AFM), specifically using scattering scanning near-field optical microscopy 

(s-SNOM; Knoll and Keilmann, 2000) and photothermal-induced resonance (PTIR; Lahiri 

et al., 2013). 

Finally, accurate determination of environmental concentrations can only be achieved 

under strict contamination control procedures, which need to be more widely adopted. 

Only high-quality data on environmental concentrations of microplastics can be reliably 

used to determine impacts on ecosystems.  

 

 

Figure 3 - Flow diagram with the procedure methods for microplastics sampling, 
extraction and analysis from marine environment.  

 

6. Acting Against Plastic Pollution: EU Initiatives and Measures 

Plastic pollution has become a worldwide sustainability crisis. Recognizing the global 

nature of this problem, an increasing number of international agreements and 

frameworks are laying the foundation for international efforts to address plastic-related 

issues. As an example, in 2015, all United Nations Member States embraced Agenda 

2030, providing a shared standpoint for peace and prosperity for people and the planet. 

Agenda 2030 includes several targets of relevance to plastics, notably within Sustainable 

Development Goal (SDG) 12 to ensure sustainable consumption and production 

patterns, and SDG 14 to conserve and sustainably use the oceans, seas, and marine 

resources for sustainable development (United Nations, 2015). Additionally, the 2016 

United Nations Environment Assembly (UNEA-2) Resolution 2/11 on Marine plastic litter 

and microplastics invited all countries “in cooperation with industry and other 
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stakeholders, at the national, sub regional, and international levels, to organise and/or 

participate in annual campaigns for awareness-raising, prevention and environmentally 

sound clean-up of marine litter” (Watkins and Schweitzer, 2018). The United Nations 

Regional Seas Programmes (Programmes cover the Mediterranean, North-East Atlantic, 

the Baltic Sea Area, the Wider Caribbean Region, the Northwest Pacific Region, the 

Black Sea Area, and the South Pacific) also contain measures designed to reduce and 

prevent marine litter (Watkins and Schweitzer, 2018). Furthermore, the operational 

framework of the G20 Action Plan on Marine Litter recognizes the necessity of 

addressing pollution from both land and sea-based sources (Watkins and Schweitzer, 

2018). The measures identified involve promoting the socioeconomic benefits of policies 

to prevent marine litter, advocating for waste prevention and resource efficiency, and 

supporting sustainable waste management initiatives. 

The legislative framework of the European Union operates on an intergovernmental level 

but is put into action and enforced at the national level. The dominant piece of legislation 

governing the marine environment is the Marine Strategy Framework Directive (MSFD). 

The objective of MSFD is reaching Good Environmental Status (GES) for European 

seawaters. Descriptor 10 specifically addresses litter, including plastics and 

microplastics, in the coastal and marine environment and the Technical Subgroup on 

Marine Litter (TG-ML) has made a significant contribution by identifying the need for a 

harmonized monitoring approach across all Member States, as well as various short-

term research priorities (Galgani et al., 2010). As a result, there has been a surge in 

research to understand the characteristics, drivers, and processes of litter at sea (Maes 

et al., 2019). Furthermore, Member States monitor marine litter beyond the MSFD (Gago 

et al., 2016) at regional seas level within programs under the OSPAR, HELCOM and 

Barcelona Conventions (Chen, 2015). 

Various directives and regulations within the European Union (EU) have a specific focus 

on polymers and plastic manufacturing. These measures serve to protect the 

environment and the well-being of EU citizens. In 2008, a significant milestone was 

reached with the approval of Directive 2008/98/EC (European Parliament, 2008), which 

established minimum requirements for extended producer responsibility schemes (EPR). 

These schemes expanded manufacturers' responsibilities across a product's lifecycle, 

encompassing take-back, recycling, and disposal. Essentially, EPR shifts environmental 

costs from taxpayers to producers, aligning with the 'polluter pays' principle. Additionally, 

in 2008, the EU waste framework directive (WFD) (Waste Framework Directive, 2008) 

and its 2018 amendment (Directive 2018/851) outlined a strategy to reduce waste, limit 



FCUP 
Understanding Microplastic Contamination in Marine Pelagic Ecosystems 

21 

 
 
landfilling, promote innovative waste management and recycling technologies, and 

encourage sustainable practices throughout society. The goal is to prevent waste and 

turn it into a resource for a greener, more circular economy. 

In 2015, the Directive 2015/720/EU (European Parliament, 2015), required Member 

States to reduce the use of lightweight plastic carrier bags (those with a thickness below 

50 microns). Member States have flexibility in choosing measures, such as setting 

reduction targets, using economic incentives, or implementing marketing restrictions. 

These measures must achieve two goals: 1) limit annual consumption to under 90 bags 

per person by 2020 and 40 by 2026, and 2) prohibit free distribution of these bags at the 

point of sale unless equally effective alternatives are in place before 2019. 

In 2018, the EC presented their European Strategy for Plastics in a Circular Economy 

(European Commission, 2018), which aimed at laying the foundations to a new plastics 

economy, where the design and production of plastic products fully respect reuse, repair 

and recycling needs and more sustainable materials are developed and promoted.  

In 2019, the EU adopted Directive 2019/904 (European Parliament, 2019), known as the 

Single Use Plastic Directive (SUP Directive), which includes several ambitious 

measures: 1) Bans certain single-use plastic products with alternatives, like cotton buds, 

cutlery, plates, stirrers, balloon sticks, cups, food containers, and beverage containers 

made of expanded polystyrene, as well as all oxo-degradable plastic products; 2) 

Implements reduction measures for plastic food and beverage packaging, along with 

specific marking and labelling requirements; 3) Introduces EPR schemes, covering the 

cleanup costs of waste from items like tobacco filters, food containers, beverage cups, 

lightweight plastic bags, wet wipes, and balloons; 4) Sets targets for plastic bottle 

collection rates, design standards for bottle caps, and requirements for recycled plastic 

content in bottles; 5) Establishes monitoring and reporting rules for plastic fishing gear, 

with plans for an EPR scheme in the future. The European Commission encourages 

Member States to create a unified standard for circular fishing gear design to promote 

reuse and recycling. 

In 2020, the European Commission presented its Circular Economy Action Plan 

(European Parliament, 2020a), one of the main pillars of the European Green Deal, 

which builds upon the 2018 European Strategy for Plastics. The Action Plan focuses on 

increasing recycled plastics, introducing new requirements for recycled content, and 

addressing microplastics, bio-based, and biodegradable plastics. As a result, the 

European Chemicals Agency (ECHA) drafted a restriction proposal in early 2019 to limit 

intentionally added microplastics. This proposal aims to reduce microplastic releases by 
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70 to 95%, equivalent to 400,000 to 500,000 tonnes over 20 years. Importantly, it doesn't 

seek to restrict polymers in general but aims to restrict the market placement of 

microplastics, introduce labelling for certain uses, and establish reporting requirements 

to ensure better risk assessment. 

In the same year, the European Commission also enacted regulations concerning the 

export, import, and intra-EU shipment of plastic waste (European Parliament, 2020b). 

These rules banned the export of plastic waste from the EU to non-OECD countries, 

except for clean plastic waste intended for recycling. Exporting plastic waste from the 

EU to OECD countries and imports in the EU will also be more strictly controlled. 

Considering the importance of marine litter originating from marine sources, such as 

abandoned fishing gear, which can have particularly harmful effects on marine animals, 

the European Commission published a decision on May 31, 2021, establishing models 

for reporting data and information on fishing gear placed on the market and fishing gear 

waste collected in Member States (European Commission, 2021). The Port Reception 

Facilities Directive (European Parliament and Council of the European Union, 2019) aims 

to effectively address marine litter from ships, including fishing vessels. With this 

legislation, the delivery of all waste generated on board vessels, all waste caught in 

passive fishing gear, and end-of-life fishing gear becomes mandatory. The law also 

provides for the existence of densification units for the disposal of expanded polystyrene, 

or other suitable systems for the disposal and storage of polystyrene waste/materials. 

Moreover, several measures to reduce marine litter have also been incorporated into the 

Fisheries Control Regulation under the Common Fisheries Policy. 

Despite these commendable initiatives, challenges remain in aligning the diverse 

interests of stakeholders, policymakers, industries, and society to effectively combat 

plastic pollution. Achieving a shared understanding of potential scenarios and 

consequences is crucial to foster convergence and collective action in the ongoing battle 

against plastic pollution, safeguarding both the environment and human well-being. 
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7. Aims of this Thesis 

This thesis addresses the pressing issue of marine microplastic pollution and its 

pervasive presence, which have become a global concern. Despite growing awareness 

of their ecological impact and the establishment of legal frameworks for their control and 

monitoring, significant knowledge gaps persist. These gaps encompass the mechanisms 

of microplastic uptake by marine organisms, the distribution of microplastics within 

different body tissues, and the limited and contentious information regarding microplastic 

characteristics and quantities in pelagic marine ecosystems. Therefore, this doctoral 

thesis aimed to achieve the following specific objectives: 

1- Optimization of a methodology for extracting microplastics from the 

gastrointestinal tracts of high-fat fish species (Chapter 2). 

2- Assessment of the distribution of microplastics in the gastrointestinal tract, gills, 

and muscle of pelagic fish (Chapter 3). 

3- Determination of the correlation between microplastic accumulation in pelagic 

fish and the presence of microplastics in marine water (Chapter 3). 

4- Determination of the relationship between microplastic ingestion by pelagic fish 

and their dietary composition (Chapter 4). 

5- Assessment of the seasonal variation of microplastic ingestion by pelagic fish 

(Chapter 5). 

6- Identification of the most suitable fish species as a bioindicator candidate for 

monitoring microplastics in the pelagic marine environment (Chapter 3-5). 

By addressing these objectives, this research enriches our comprehension of 

microplastic pollution. The acquired information enables the alignment of toxicity studies 

with real-world scenarios, thus improving the precision of risk assessments. Moreover, 

the insights gained from this thesis play a pivotal role in informing environmental 

management policies and in advancing monitoring programs. 
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General Conclusion 

 

1. Final Remarks 

The objective of this thesis was to contribute to a deeper understanding of the existing 

levels of microplastics in marine pelagic ecosystems. The approach involved method 

development, concentration assessments, and characterization of microplastics in both 

biological and environmental matrices. The primary research findings, in alignment with 

the specific PhD objectives, are as follows: 

• Tween-20 is a cost-effective and environmentally friendly method for optimizing 

microplastic extraction from high-fat biological samples. 

The inclusion of Tween-20 in traditional digestion protocols using KOH proved to be a 

crucial solution to improve the efficiency of microplastic extraction from high-fat biological 

samples (Chapter 2). In high-fat biological samples, the reaction between KOH and 

triglycerides typically forms a soap layer, hindering microplastic extraction. However, it 

was demonstrated that the addition of Tween-20 effectively prevents the formation of fat 

layers during digestion, facilitating the filtration step. Importantly, the study found that 

Tween-20 could be added to KOH digestion protocols without causing significant 

interference in the FTIR spectrum of a substantial portion of the polymers commonly 

found in marine environments. Additionally, Tween-20 exhibited a protective effect on 

the degradation of certain polymers (PC and PET), leading to increased recovery rates. 

This protective action empowers the maintenance of the KOH 10% digestion at 60°C, 

ensuring efficient microplastic extraction. 

The successful development of an optimized microplastic extraction methodology has 

several significant implications. Firstly, this optimized method holds promise for 

applications beyond gastrointestinal tracts, extending to other tissues with high fat 

content, such as the liver. Secondly, the incorporation of Tween-20 as a surfactant in the 

extraction protocol introduces a cost-effective and environmentally safe approach to 

microplastic analysis. Lastly, the success of this method was pivotal for the subsequent 

phases of this research, which involved the analysis of microplastics in various marine 

fish species, including those with high fat content.  



FCUP 
Understanding Microplastic Contamination in Marine Pelagic Ecosystems 

69 

 
 

• Small pelagic fish with commercial value from Northeast Atlantic Ocean have 

microplastics in the gastrointestinal tract, gills and muscle 

Chapter 3 revealed a concerning reality regarding the widespread presence of 

microplastics in the gastrointestinal tracts, gills, and muscles of small pelagic fish species 

from the Northeast Atlantic Ocean. Microplastics were detected in 92–96% of the 118 

individual fish analysed, and they were found in all species and tissues studied, 

highlighting the prevalence of these particles in this marine ecosystem. By examining 

multiple tissues, it offered a more holistic perspective on how microplastics are 

distributed and accumulated within these organisms, which could have potential 

ramifications for human consumption. Furthermore, the study underscored the need for 

additional research on the partitioning of microplastics in the internal organs and tissues 

of wild fish. Such investigations are crucial for establishing connections between 

exposure and effects, and for evaluating and mitigating risks to fish, the environment, 

and human health. 

• The composition of microplastics found in the gills of sardines and anchovies 

closely resembled the ones present in water samples. 

In Chapter 3, the research went beyond traditional research that only examines fish 

samples, by including an analysis of the composition of microplastics in water samples. 

This provided concrete evidence of a direct connection between the microplastic 

composition in fish, particularly sardines and anchovies, and the microplastics present in 

the surrounding water.  

• Small pelagic fish feeding on smaller preys had lower microplastics concentration 

in the stomachs than fish depending on larger mesozooplanktonic preys (>1000 

μm).  

Chapter 4 revealed significant differences in microplastic accumulation in small pelagic 

fish based on their dietary preferences. Smaller prey-consuming species, such as 

European sardines, chub mackerel, and bogue, displayed lower levels of microplastics 

accumulation compared to their counterparts feeding on larger mesozooplanktonic 

preys. Atlantic mackerel and horse mackerel, with their preference for bigger preys 

(>1000 μm), exhibited higher microplastics abundances, highlighting the ecological 

implications of dietary choices in microplastic ingestion. 
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• More fibers were registered in Ocean Giant Sunfish specimens caught in autumn 

than those caught in the spring 

Chapter 5 marked a groundbreaking discovery, revealing the presence of microplastics 

in ocean giant sunfish (Mola mola) for the first time, serving as a critical addition to the 

limited data on megafauna and microplastics. The research unravelled seasonal 

variations in microplastic composition within ocean giant sunfish specimens, with higher 

concentrations of fibers observed in specimens captured during autumn compared to 

spring. While this phenomenon may be associated with the seasonal latitudinal 

movements of ocean giant sunfish, it could also be influenced by factors like river flows, 

storm events, and wastewater discharges. This finding emphasizes the complexity of 

microplastic dynamics in marine ecosystems, reflecting the intricate interplay of 

environmental variables. Moreover, these results highlight the importance of considering 

seasonal factors when using Mola mola or similar species as bioindicators. One 

unexpected observation was the gender-related distinctions in microplastic distribution 

among Mola mola, with females exhibiting a higher prevalence of fragments. This 

discovery highlights the need for further research to elucidate the origins and underlying 

factors of this gender-based difference.  

• The most prevalent microplastic found in marine pelagic ecosystems was 

characterized by its size, which was under 500 µm, its fiber-like structure, a blue 

colour, and primarily consisted of polymer varieties such as polypropylene, 

polyethylene, acrylic, and cellulose-based polymers 

This research extensively characterized the most common microplastics found in marine 

pelagic ecosystems, including small pelagic fish, giant ocean sunfish and water samples. 

It consistently found that fiber-shaped microplastics were the predominant type, 

comprising 62% in water samples and 52-87% in fish tissues. These fibers likely originate 

from sources such as synthetic clothing and fishing nets, with a high potential for 

bioaccumulation in marine organisms. The prevalent colour observed was blue, 

highlighting its importance in marine pelagic ecosystems. Furthermore, the most 

prevalent polymer types included polypropylene, polyethylene, acrylic, and cellulose-

based polymers, reflecting the diverse sources of microplastics in the marine 

environment. Smaller microplastics (<500 µm) were prevalent across all fish species and 

water samples, emphasizing their likelihood of ingestion by marine organisms and 

potential ecological implications. These findings also align with the methodological 

limitation in detecting particles smaller than 20 µm, highlighting the pressing need for 
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improved research methods to access the presence of smaller microplastics and 

nanoplastics more effectively in marine ecosystems. 

These results support the documented prevalence of microplastics in wild fish along the 

coast of Portugal and the Northeast Atlantic, underscoring the escalating issue of plastic 

pollution in oceans. Similar outcomes have been observed in other studies based on the 

shape, colour, size, and polymer type of microplastics (Guilhermino et al., 2021; 

Pequeno et al., 2021; Barboza et al., 2020; Bessa et al., 2018; Neves et al., 2015). 

However, Barboza et al. (2020) reported a higher percentage of fragments (76%) than 

fibers (22%) in the gastrointestinal tract of horse mackerel from the North coast of 

Portugal. Analysis of the gastrointestinal tract of fish captured off the coast of Portugal 

also revealed contamination with microplastics, with rates of 19.8% for all continental 

Portugal (Neves et al., 2015), 38% in the Mondego estuary (Bessa et al., 2018), 97% in 

the Minho River (Guilhermino et al., 2021), and 35% in the North of Portugal (Barboza 

et al., 2020). Discrepancies in results from different locations may be linked to varying 

sources of pollution and waste management strategies, necessitating ongoing 

monitoring. Species-specific factors such as feeding zones, habitats, migratory routes, 

and the potential confusion of certain plastics with prey could contribute to these 

differences. 

Regarding water concentrations, the recorded values ranged from 0.228 MP.m−3 to 1.856 

MP.m−3, surpassing earlier reports for the Portuguese coast, which varied between 0.002 

and 0.036 MP.m−3 (Frias et al., 2014). Nevertheless, these concentrations aligned with 

findings in other locations, including the Douro estuary (0.17 MP.m−3; Rodrigues et al., 

2019), values reported by Bessa et al. (2018) for the Mondego estuary (1.53 MP.m−3), 

and data from Professor Luiz Saldanha Marine Park on the west coast of Portugal (0.45 

MP.m−3; Rodrigues et al., 2020). Despite similarities in the physical and chemical 

characteristics of microplastics, drawing comprehensive conclusions is limited by the 

restricted number of studied areas and differences in sampling methodologies, including 

variations in the size of mesh nets. 

All this environmental data draws attention to the disparities between hazard assessment 

and monitoring assessment datasets. By aligning toxicological research with realistic 

exposure conditions and utilizing microplastics representative of those found in the 

environment, we can gain a better understanding of how the size and type of 

microplastics impact the ecosystems and human health. This thesis provides a solid 

foundation for future hazard and risk assessment studies. Additionally, comprehending 

the prevalent types, shapes, and colours of microplastics in marine pelagic ecosystems 
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enables the development of focused strategies for mitigating plastic pollution and 

safeguarding the environment.  

• Horse mackerel was identified as the most suitable fish species as a 

bioindicator for monitoring microplastics 

This research covered a broad range of marine fish species, from the ocean's 

megafauna, represented by the ocean giant sunfish, to smaller pelagic fish species such 

as European sardine, horse mackerel, anchovy, chub mackerel, Atlantic mackerel, and 

bogue. This comprehensive approach allowed to assess the potential of these species 

as bioindicators for monitoring microplastics in marine pelagic ecosystems, particularly 

in areas governed by the Marine Strategy Framework Directive (MSFD). It was applied 

established criteria outlined by Fossi et al. (2018), considering factors such as 

background, habitat, trophic characteristics, feeding behaviour, spatial distribution, 

commercial significance, and susceptibility to litter ingestion. Ocean sunfish, despite its 

unique ecological importance, is less suitable as a bioindicator in MSFD regions due to 

its limited distribution, low economic value, and vulnerable status. In contrast, all the 

small pelagic fish species examined in this study have commercial significance. Among 

them, species like anchovy, Atlantic horse mackerel, and Atlantic mackerel stand out as 

promising candidates, given their widespread distribution across multiple MSFD-

regulated regions. Notably, horse mackerel emerges as an outstanding candidate with a 

high incidence of individuals containing microplastics in their gastrointestinal tracts and 

muscle. Its propensity for microplastic ingestion indicates a close interaction with these 

pollutants, making it a valuable indicator of microplastic exposure. To ensure the 

consistency and reliability of microplastic ingestion monitoring, it is advisable to choose 

individuals with lengths that are characteristic of the same life stage. This method 

reduces potential variations in microplastic ingestion linked to alterations in feeding 

behaviours at various life stages. These findings hold substantial relevance for 

policymakers and environmental agencies endeavouring to establish robust monitoring 

programs and protect the integrity of marine ecosystems. 

 

2. Future Perspectives 

In the continuation of the studies conducted in the scope of this thesis, key areas for 

future research and action have been identified: 
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Method Development: 

• Development of methods for smaller microplastic and nanoplastic sampling, 

extraction, and detection in marine ecosystems to enhance contamination precision. 

• Creation of automated approaches for sampling, extraction, and analysis of 

microplastics to reduce analysis time and operator error. 

• Standardization of methodologies for the sampling, extraction, and analysis of 

microplastics to facilitate comparisons across different studies. 

Toxicological Research (Lab experiments): 

• Alignment of toxicological research with realistic exposure conditions using 

environmentally relevant concentrations and representative microplastics. 

• Investigation of the impact of additives present in the composition of plastics on the 

toxicity of microplastics. 

• Investigation of synergistic effects of microplastics in the context of climate change. 

Field Research: 

• Investigation of the presence of smaller microplastics/nanoplastics in other tissues 

and organs of fish to gain a comprehensive understanding of their distribution within 

marine organisms. 

• Investigation of potential gender-based, seasonal, and life stage differences in the 

composition and concentration of microplastics in marine organisms. 

• Examination of the potential biomagnification of microplastics through the marine 

food web. 

• Investigation of the principal monomers, additives, and sorbed contaminants present 

in microplastics. 

• Characterization of the presence of microplastics in seafloors and the identification 

of species most susceptible to this type of contamination. 

Human Health: 

• Investigation of human health implications of consuming fish with high microplastic 

levels. 

Long-Term Monitoring: 

• Establishment of long-term monitoring programs for bioindicator species like horse 

mackerel, anchovy, and Atlantic mackerel to track trends in microplastic 

contamination. 
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Mitigation Strategies: 

• Development of targeted strategies for mitigating plastic pollution based on prevalent 

microplastic polymer types, shapes, and colours in marine pelagic ecosystems. 

• Provision of evidence-based policy and management recommendations at regional 

and international levels to address microplastic pollution challenges. 

 

3. Conclusion 

This thesis has significantly advanced our understanding of microplastic contamination 

in marine ecosystems, offering valuable insights into extraction methods, tissue 

distribution, dietary correlations, and the presence of microplastics in marine pelagic 

species. The research conducted contributes to the growing body of knowledge needed 

to address the challenges posed by microplastic pollution and provides a foundation for 

future research and conservation initiatives aimed at preserving our marine 

environments and safeguarding human health. The similarities in microplastic 

prevalence and composition between ocean giant sunfish and small pelagic fish 

underscore the widespread nature of microplastic pollution in marine ecosystems, 

transcending size, and trophic position. This suggests that addressing the impacts of 

microplastic pollution needs an holistic, ecosystem-wide approach that acknowledges 

the interconnectedness of species and the common threats they face. By tackling 

microplastic pollution at its source and implementing effective mitigation measures, we 

can work towards safeguarding the health and integrity of our oceans for all marine life, 

from the majestic giant ocean sunfish to the smallest pelagic fish. 
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