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SUMMARY 

The task 

The Swedish Environmental Protection Agency has been tasked with identifying important 

sources of microplastics (MPs) in the environment and suggesting actions to mitigate their 

emissions into the environment. This report was compiled by Gothenburg University and 

serves as an update to a report summarizing knowledge of the exposure and responses of 

wildlife to MPs that was produced by researchers at Örebro University in 2016. For this 

current update, scientific articles and reports were reviewed in November-December 2018. 

The main difference in the state of knowledge now, compared to 2016, is that the research 

field now has a clearer understanding of the complexity of the problem, mechanisms 

underlying effects of MPs, and consensus that the risks associated with microplastics are 

lower than we previously feared, taking into account the content of MPs is in the environment 

today. We provide an overview of the current knowledge in the field, focusing on conclusions 

where a consensus has been reached concerning the sources, fate and effects of MPs. 

Knowledge gaps and ongoing discussions within relevant research fields regarding the 

effects of MPs and associated chemicals are addressed. The major focus of this report is 

aquatic ecosystems (marine and freshwater), although we also review the prevalence and 

potential impacts of MPs in terrestrial ecosystems. However, the latter ecosystems are much 

less studied than the former. 

Background 

Production of plastic is increasing exponentially, and plastic debris or microplastics are now 

found in all environments, from beaches and surface water in the oceans, deep seas and 

sediments, arctic ice, fresh water systems, soil and terrestrial niches, to indoor environments 

as well as food and drinking water. Microplastics have been identified in many different 

organisms from the smallest planktonic animals to top predators, including large fish, birds 

and mammals. A search for research articles that uses the terms "microplastic and effect" 

shows that the number of published studies now numbers in thousands, and new studies are 

published daily. Early publications focused on methods for finding and identifying 

microplastics in different matrices, but more recently, the number of effect studies that 

measure the consequences of exposure have increased. As the research field has grown, 

the need for a common vocabulary has also grown. The term "microplastic" refers to plastic 

particles that are less than 5 mm in size, and the term "micro-litter" is used to include other 

materials such as naturally occurring polymers, rubber and cellulose. 

Analysis methods and occurrence of MPs in different environments 

Development of methods for testing, extracting and identifying MPs in different matrices 

(water, sediment, soil, biota) has continued. Spectrometric methods (Fourier transform 

infrared (FTIR) and Raman) are most common and have been developed to measure smaller 
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and irregular particles. Attenuated total reflectance FTIR and pyrolysis-gas chromatography-

mass spectrometry (GC / MS) can also provide information on other chemicals present in the 

particles (eg, additives and environmental toxins). These methods have contributed to an 

increased understanding of sources of MPs and distribution over time and space. The highest 

levels are found in urban areas with both diffuse and point emissions. The particles are found 

in surface water for a limited time, and the growth of microorganisms, chemical changes of 

the particles (aging of the polymers, leaching of additives), and incorporation into feces 

contribute to increased sedimentation rate. Bottom and sediment living organisms affect the 

distribution of MPs in sediment. 

New research has also described the existence of MPs in terrestrial systems, with a focus on 

sludge and agriculture. However, we know much less about the processes that affect 

distribution, chemical changes and degradation of MPs in these systems. 

MPs in the food chain 

Research concludes that intake via food is the most likely route of exposure for MP to biota 

and we provide an overview of the potential mechanisms that facilitate the uptake of plastic 

debris in aquatic nutrition chains (studies in terrestrial systems are limited). More than 690 

marine species eat plastic. Growth of microorganisms and incorporation of chemical 

substances that affect chemosensors contribute to intake of plastic, that is, the plastic smells 

or tastes like "food". The color of the plastic also seems to be of importance. Intake occurs at 

different levels in the food chain, in animals from different taxa, and is affected by the animals' 

usual food, behavior and intake mechanisms (eg, filters, plankton eaters, top predators). MPs 

can be ingested directly or via food, i.e., via consumption of organisms that have eaten 

plastic. 

The fate of plastics in organisms after ingestion is summarized in the report, and current 

information suggests that MPs have the potential to bioaccumulate and biomagnify in food 

chains. However, this is believed to be limited, since MPs are mainly found in intestinal 

contents of studied organisms. There are few studies describing the uptake of MPs from the 

intestine to other tissues in the body. Limited retention times in the gut and limited uptake of 

MPs by the epithelial tissues are important factors limiting bioaccumulation. It is likely that 

bioaccumulation and biomagnification are greatest with smaller MPs and nanoparticles. 

Effects of exposure to MPs 

We summarize the effects of MPs on biota and investigate potential consequences and 

mechanisms that are linked to physical interactions of particles and / or to chemical 

exposures. Most studies are conducted using aquatic or marine organisms, and usually 

include one species, one polymer, one particle size and one particle form. Effects of MPs 

have been studied at a number of different levels of biological organization, ranging from 

molecular interactions (eg, gene regulation and protein changes), tissue and organ levels 

(eg, inflammation and histological changes), effects in individual organisms (e.g., changes in 

metabolism, behavior and reproduction), to effects at the ecosystem level. 
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Biological mechanisms of effects 

Effect studies show that MPs can cause oxidative stress, a common consequence of various 

types of stressors, which can be induced directly through the formation of oxygen radicals on 

the particles, or indirectly through exposure to radical chemicals or degradation products. 

This can lead to the formation of lipid peroxides and DNA damage products. MPs can affect 

the immune system via various cell types (neutrophils, granulocytes), or via cytokine 

production. Chronic exposure to MPs via food can lead to intestinal damage, cell necrosis, 

and changes in metabolism and fat and energy reserves. 

Several different types of effects have been observed at the individual level. Exposure to MPs 

is believed to cause neurotoxicity and have endocrine disrupting effects, and can cause 

changes in an animal's behavior, eg, swimming, feeding, and / or mating. Effects on the 

production of gametes have been documented. Any changes in behavior (foraging, 

avoidance of predators, etc.) and in reproduction are expected to be important at ecosystem 

levels. These effects are perhaps of the greatest interest today, as these can be linked to the 

ecosystem level effects of MPs, but they are not well described and assumptions are often 

based on extrapolations. 

Ecosystem effects of MPs 

Other mechanisms that may mediate the effects of MPs on the ecosystem level have been 

investigated. MPs are a new niche in the environment, a surface where microorganisms can 

grow, and this can lead to potential changes in microbiomes. New studies indicate that 

organic hydrocarbon from MPs can stimulate growth of certain types of bacteria, and current 

discourse amongst researchers focuses on gene transfer between different microbes, 

including antibiotic resistance genes. MPs can also influence species composition and the 

structure of bottom-living communities in marine systems, 

Toxicity, particle and chemical effects 

An emerging consensus in this field of research allows us to identify the importance of a 

number of factors modulating the toxicity of MPs. With regard to size, smaller micro- and 

nanoscale particles are more biologically relevant and have a greater impact. Shape can be 

important, and more irregularly shaped particles can induce more effects than can rounder 

particles. The effects of fibers are, however, still poorly understood. Concentration, a 

fundamental variable in toxicological analyses, is still a problematic factor in risk assessments 

since the majority of effect studies use higher concentrations than those found in natural 

environments (two to seven orders of magnitude higher). There are, however, some limited 

environments (e.g., hotspots of accumulation or point sources of MPs) where risks may be 

imminent. 

We draw some attention to discussions of potential (eco)toxicity associated with plastic 

additives and discuss the role of plastics as vectors or carriers of environmental pollutants. 

Such toxicity has been a pivotal theme in scientific discussions regarding the potential risks 

of MPs. MPs can act as both a sink and a source of chemicals that raise (eco)toxicological 
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concerns. These chemicals can be categorized into two classes by origin: chemical 

ingredients that originate from plastic materials and chemical substances sorbed from the 

environment onto MPs. The absorption of environmental contaminants and release of 

chemicals to biota by MPs have raised various concerns in the public, governmental, and 

industrial sectors. Plastic-chemicals can be toxic and can affect detoxification mechanisms, 

induce oxidative stress, can be androgenic or estrogenic, and can lead to behavioral 

changes. We are less knowledgable about how toxicity of MPs is affects by weathering 

processes in the environment. 

A number of studies have shown that MPs can act as vectors for environmental toxins, via 

experiments in which animals are exposed to contaminated particles (either through in situ 

exposure of MPs in the environment or via artificial "spiking" with known substances). Uptake 

of chemicals and resulting biological effects have been described. However, these studies 

use high levels of MPs and/or chemicals, and have often not addressed other sources of 

exposure to chemicals, e.g., via natural particles or foods. A review of the most recent 

developments in this topic leads us to the conclusion that MPs might be of negligible 

importance as vectors for environmental pollutants in wildlife, based on knowledge of current 

MP concentrations and comparisons with uptake via contaminated food webs or water. 

Nanoparticles, which have a larger surface: volume, may be of greater importance. 

Risk assessment 

We further investigated the latest advances in ecological risk assessment of MPs and we 

examined remaining limitations and future needs in this topic. MPs are an all-encompassing 

substance that inevitably requires robust risk assessments to mitigate effects caused by 

exposure to MPs in the environment. Current ecological risk assessment practices apply a 

model that compares predicted exposures (often predicted environmental concentrations of 

chemical substances) with knowledge of hazard or toxicity, or more precisely, a predicted 

concentration where no effect is expected. A level of MPs in the environment that exceeds a 

"safe" level indicates risk. Risk assessments with particles (unlike soluble chemical 

substances) are in their infancy, and there is a mismatch between measured levels in the 

environment and levels used in experiments, which leads to some assumptions and 

extrapolations. There are also some knowledge gaps in both environmental levels of different 

polymers, sizes and shapes, as well as their effects in different types of organisms at different 

types of exposures. Preliminary calculations indicate that MP levels are currently within safe 

limits in most environments. Important considerations to note here are linked to large gaps in 

knowledge regarding levels of nanoplastic in the environment, effects of chronic exposures, 

and the predicted increase in plastic production and consumption in the near future. 

As human exposures are inevitably linked to the presence of MPs in the aquatic environment, 

we also briefly explore the potential risks for human food safety and quality. The primary 

focus is on MP exposure occurring via the consumption of sea products (fish and shellfish). 

Of course, as human exposure is not limited to the consumption of seafood, we briefly 

examine other exposure pathways, such as drinking water, air and other foods. We critically 
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assess the remaining knowledge gaps in this rapidly developing interdisciplinary field of 

research and reflect on needs for the future. Lack of knowledge here impedes conclusions. 

Risk perception 

Risk assessments are primarily dealt with in science and are used as a tool to control priorities 

and policy decisions, and are often seen as separate from risk perception. However, risk 

perception is important in communication and discussions about plastics in the environment 

and society, and in understanding risk at a societal level. Human behavior, economic forces, 

social functions and the important role of plastic in our lives underly the presence of plastic 

in the environment. Therefore, it is important to take social aspects and risk perception into 

account. They play an important role in managing problems that affect the individual's 

behavior as well as decisions within companies and authorities. 

Conclusions 

In conclusion, current research greatly increases our understanding of the mechanisms of 

effects associated with exposure to MPs, addressing both particle and chemical effects. Over 

the past two years, we have gained a more nuanced and detailed picture of mechanisms of 

effects, exposure pathways, environmental levels and risks. Assimilating this knowledge from 

many levels of biological organization allows us to conclude that current levels of MPs may 

not be highly problematic in the environment at present. Knowledge concerning human 

exposure levels to microplastics and their consequences as lacking, as is knowledge 

concerning occurrence of nanoplastic in numerous matrices, thereby hindering conclusions 

in these questions. The greatest risk is likely to occur where exposure levels are highest, eg 

in textile workers. However, predictions of exponential increases in the use of plastic 

materials, together with concomitant increases in MPs in virtually every environment, lead us 

to end with a word of caution. Current consensus in the research field states that major threats 

and risks do not exist today but will likely occur in the future. MP pollution should be avoided, 

and mitigation efforts need to be addressed at the source. 
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SAMMANFATTNING 

Uppdraget     

Naturvårdsverket har fått uppdraget att identifiera viktiga källor för mikroplast till miljön och 

föreslå åtgärder som hindrar utsläppen. Kunskap om effekter av mikroplaster är viktigt för 

prioritering av arbetet. Denna rapport sammanställdes av Göteborgs universitet och är en 

uppdatering till en rapport som sammanfattade kunskap om exponering och effekter av 

mikroplaster (MP:er) på vilda djur som skrevs av forskare vid Örebro universitet 2016. I denna 

uppdatering granskades vetenskapliga artiklar och rapporter under november och december 

2018. Den huvudsakliga skillnaden i kunskapsläge nu, jämfört med 2016, är att 

forskarvärlden nu har tydligare förståelse för komplexiteten i problemet, mekanismer som 

driver effekter av MP:er, och konsensus kring att riskerna förknippade med mikroplaster är 

lägre än vi tidigare befarat, med hänsyn till halten av MP:er i miljön idag. Vi ger en översikt 

över aktuell kunskap inom forskningsfältet med fokus på slutsatser där konsensus har 

uppnåtts om MP-källor, öde och effekter. Kunskapsbrister och pågående diskussioner inom 

forskningsområdena om effekter av MP:er och tillhörande kemikalier beskrivs. Huvudfokus i 

denna rapport är övervägande kopplat till akvatiska system (marina och sötvatten), även om 

vi också granskar prevalens och potentiella effekter av MP:er i terrestra ekosystem. Denna 

nisch är dock mycket mindre studerad jämfört med akvatiska system. 

Bakgrund     

Produktionen av plast ökar exponentiellt, och plastskräp eller mikroplaster hittas nu i alla 

miljöer, från stränder och ytvatten i haven, djuphaven och sediment, arktiska isar, 

söttvattenssystem, jord och mark, till inomhusmiljöer samt mat och dricksvatten. Mikroplaster 

har identifierats i många olika organismer från de allra minsta planktondjur till toppredatorer, 

inklusive stora fiskar, fåglar och däggdjur. En sökning efter forskningsartiklar som använder 

termerna ’microplastic and effect’ numrerar nu i tusental, och nya studier publiceras dagligen. 

Tidigare publikationer fokuserade på metoder för att hitta och identifiera mikroplaster i olika 

matriser, men på senare tid har även antal effektstudier som mäter konsekvenser av 

exponering ökat. Allteftersom forskningsfältet har vuxit har även behovet av en gemensam 

vokabulär vuxit fram. Termen ’mikroplast’ syftar på plastpartiklar som är mindre än 5 mm i 

storlek, och termen ’mikroskräp’ används för att inkludera andra material som tex naturligt 

förekommande polymerer, gummi och cellulosa. 

Analysmetoder och förekomst av MP:er i olika miljöer    

Utveckling av metoder för att provta, extrahera och identifiera MP:er i olika matriser (vatten, 

sediment, jord, biota) fortsätter. Spektrometriska metoder (Fourier transform infrared (FTIR) 

och Raman) är vanligast och har utvecklats för att kunna mäta mindre och oregelbundna  

partiklar. Attenuated total reflectance FTIR samt pyrolysis-gas chromatography-mass 

spectrometry (GC/MS) kan även ge information om andra kemikalier som finns i partiklarna 

(tex., tillsatser och miljögifter). Dessa metoder har bidragit till en ökad förståelse av källor till 

MP:er och distribution över tid och rum. De högsta halterna återfinns i urbana områden med 
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både diffust- samt punktutsläpp. Partiklarna återfinns i ytvatten under en begränsad tid, och 

påväxt av mikroorganismer, kemiska förändringar av partiklarna (åldrande av polymererna, 

utlakning av tillsatser), samt inkorporering i fekalier bidrar till ökad sedimenteringshastighet. 

Botten- och sedimentlevande organismer påverkar hur MP:er distribueras i sediment.   

Ny forskning har även beskrivit förekomsten av MP:er i terrestra system, med fokus på slam 

och jordbruk. Vi kan dock mycket mindre om processerna som påverkar distribution, kemiska 

förändringar och nedbrytning av MP:er i dessa system, vilket gör att vi saknar möjlighet att 

dra slutsatser kring mikroplaster i denna miljö.  

MP:er i näringskedjan    

Forskningen visar att intag via föda är den mest troliga exponeringsvägen för MP till biota 

och vi ger en översikt över de potentiella mekanismerna som underlättar upptag av plastskräp 

i akvatiska näringskedjor (studier i terrestra system är begränsade). Fler än 690 marina arter 

äter plast. Påväxt av mikroorganismer  och inkorporering av kemiska ämnen som påverkar 

kemosensorer bidrar till intag av plast, alltså plasten luktar eller smakar som ’mat’.  Plastens 

färg verkar också vara av betydelse. Intag sker på olika nivåer i näringskedjan, i djur från 

olika taxa, och påverkas av djurens vanliga föda, beteende och intagsmekanismer (tex., 

filtrerare, planktonätare, toppredatorer). MP:er kan tas in direkt eller via föda, dvs via 

bytesorganismer som har ätit plast. 

Plastens öde i organismer efter intag sammanfattas, och aktuell information tyder på att 

MP:er har potential att bioackumulera och biomagnifiera i näringskedjor. Detta antas dock 

vara begränsat, eftersom MP:er huvudsakligen återfinns i tarminnehåll i studerade 

organismer. Det finns få studier som beskriver upptag av MP:er från tarmen till andra 

vävnader i kroppen. Begränsade retentionstider i tarmen och begränsad upptagning av MP:er 

genom epitelvävnaderna är viktiga faktorer som begränsar bioackumulering Troligtvis är 

bioackumulering och biomagnifiering störst med mindre MP:er och nanopartiklar 

Effekter av MP:er    

Vi sammanfattar också effekterna av MP:er på biota och undersöker potentiella 

konsekvenser och mekanismer som är kopplade till fysikaliska interaktioner av partiklar 

och/eller till kemisk exponering. De allra flesta studier är gjorda på akvatiska eller marina 

organismer, och inkluderar oftast en art, en polymer, en partikelstorlek och en partikelform. 

Effekter av MP:er har studerats på ett antal olika nivåer av biologisk organisation, allt från 

molekylära interaktioner (t.ex. genreglering och proteinförändringar), vävnads- och 

organnivåer (t.ex. inflammation och histologiska förändringar), effekter i enskilda organismer 

(t.ex. förändringar i ämnesomsättning, beteende och reproduktion), till effekter på 

ekosystemsnivå.  

Biologiska mekanismer av effekter    

Effektstudier visar att MP:er kan orsaka oxidativ stress, en vanlig konsekvens av olika typer 

av stressorer, som kan induceras direkt via formation av syre radikaler på partiklarna, eller 

indirekt via radikala kemiska ämnen eller nedbrytningsprodukter. Detta kan leda till formation 
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av lipidperoxider och DNA-skador. MP:er  kan påverka immunsystemet via olika celltyper 

(neutrofiler, granulocyter), eller via produktioner av cytokiner. Kronisk exponering till MP:er 

via mat kan leda till skador i tarmen, cellnekros, och förändringar i metabolismen och fett- 

och energireserver.  

På individnivån har flera olika typer av effekter observerats. Exponering för MP:er tros kunna 

orsaka neurotoxicitet och ha hormonstörande effekter, och påverkar ett djurs beteende, tex, 

simning, födosökande, och/eller parning. Effekter på produktion av gameter har 

dokumenterats. Eventuella förändringar i beteende (födosökande, undvikande av rovdjur 

osv.) samt i reproduktion förutses vara viktiga på ekosystemsnivåer. Dessa effekter är kanske 

av största intresse idag, eftersom dessa kan kopplas till  ekosystemsnivåeffekter av MP:er, 

men de är inte väl beskrivna och antaganden är ofta baserade på extrapoleringar.  

Ekosystemseffekter av MP:er 

Andra mekanismer som kan påverka effekter på ekosystemsnivån har undersökts. MP:er 

utgör en ny nisch i miljön, en yta där mikroorganismer kan växa, och detta kan leda till 

potentiella förändringar i mikrobiomer. Organisk kolväte från MP:er kan stimulera tillväxt av 

vissa typer av bakterier, och en ny diskussion kretsar kring genöverföring mellan olika 

mikrober, inklusive antibiotiska resistensgener. MP:er kan också påverka artsammansättning  

och strukturen i bottenlevande samhällen i marina system, vilket i sin tur kan påverka dess 

funktion och näringscyklar. 

Toxicitet, partikel- och kemiska effekter 

En växande konsensus inom forskningsområdet identifierar vikten av ett antal faktorer som 

modulerar toxiciteten hos MP:er. När det gäller storlek är mindre mikro- och nanopartiklar 

mer biologiskt relevanta och har större effekter jämfört med stora mikro- och mesopartiklar. 

Formen kan vara viktig och ojämnare former kan orsaka fler och större effekter jämfört med 

släta, runda partiklar. Effekterna av fibrer är däremot fortfarande outforskade. Koncentration 

eller exponeringshalt, en grundläggande variabel i toxikologiska analyser, är fortfarande en 

problematisk faktor i riskbedömningar eftersom majoriteten av effektstudier använder högre 

koncentrationer än de som finns i de naturliga miljöerna (två till sju gånger högre). Det finns 

dock vissa områden i miljön (t ex hotspots av ackumulering eller punktkällor för MP:er) där 

risker kan vara möjliga. 

Vi diskuterar potentiell (ekotoxikologisk) toxicitet i samband med plastkemikalier och 

diskuterar plastens roll som vektorer, eller bärare, för miljöföroreningar. Detta har varit ett 

avgörande tema i vetenskapliga diskussioner om potentiella risker med MP:er. MP:er kan 

fungera som både en källa för kemikalier som ökar ekotoxikologiska faror och kan dessutom 

binda upp kemikalier från den omgivande miljön. Dessa kemikalier kan klassificeras i två 

klasser efter ursprung: kemiska ingredienser som kommer ifrån plastmaterialen och kemiska 

substanser som sorberas från miljön till MP:er. Idéen att MP sorberar miljöföroreningar och 

släpper ut dessa kemikalier i biota väckte bekymmer som uppmärksammats i offentliga, 

statliga, och industriella sektorer. Plastkemikalier (både additiven samt sorberade ämnen) 

kan vara toxiska och kan påverka detoxifierieringsmekanismer, orsaka oxidativ stress, vara 
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östrogena eller androgena, och leda till beteendeförändringar. Vi kan däremot mindre om hur 

toxiciteten påverkas av åldrandet av MP:er i miljön.   

En del studier har visat att MP:er kan fungera som vektorer för miljögifter, där djur exponeras 

för kontaminerade partiklar (antingen genom in situ exponering av MP:er i miljön eller via 

artificiell ’spiking’ med kända ämnen). Upptag av kemikalier och biologiska effekter har visats. 

Men dessa studier använder höga halter av MP:er och/eller kemikalier, och har ofta inte tittat 

på andra exponeringskällor via naturliga partiklar eller födoämnen. En genomgång av den 

senaste utvecklingen i forskning kring detta ämne leder oss till slutsatsen att MP:er kan vara 

av försumbar betydelse som vektorer för miljöföroreningar i vilda djur, baserat på kunskap 

om nuvarande MP:er-koncentrationer och jämförelser med upptag via förorenade 

näringskedjor eller vatten. Nanopartiklar, som har en större yta:volym ration, kan eventuellt 

vara av större betydelse. 

Riskbedömningar 

Vi undersökte vidare de senaste framstegen inom ekologisk riskbedömning av MP:er och vi 

granskade kvarstående begränsningar och framtida behov i detta ämne. MP:er är ett 

allomfattande ämne som oundvikligen kräver robusta riskbedömningar för att mildra effekter 

som uppstår genom exponering för MP:er i miljö. Nuvarande praxis för ekologisk 

riskbedömning tillämpar en modell som jämför förutspådda exponeringar (ofta förutspådda 

miljökoncentrationer av kemiska ämnen) med kunskap om fara eller toxicitet, eller mer exakt 

en förutspådd koncentration där man inte förväntar någon effekt. En MP-halt i miljön som 

överstiger en halt som är ’säker’ indikerar risk. Riskbedömningar med partiklar (till skillnad 

från lösbara kemiska ämnen) är i sin linda, och det finns en missanpassning mellan uppmätta 

halter i miljön och halter som används i experiment, vilket leder till  en del antaganden och 

extrapoleringar. Det finns dessutom en del kunskapsluckor i både miljöhalter av olika 

polymerer, storlekar och former, samt effekter av dessa i olika typer av organismer vid olika 

typer av exponeringar. Preliminära beräkningar tyder på att MP-halter är inom säkra gränser 

i de flesta miljöer.  Viktiga övervägningar här är kopplade till stora kunskapsluckor när det 

gäller halter av nanoplaster i miljön, effekter av kroniska exponeringar, samt den förutspådda 

ökningen av plastproduktion och konsumtion inom en snar framtid.  

Eftersom mänsklig exponering oundvikligen är kopplad till förekomsten av MP:er i miljön, 

undersökte vi också de potentiella riskerna för livsmedelssäkerhet och kvalitet. Primär fokus 

ligger på exponering för MP:er som uppstår genom konsumtion av havsmat (fisk och 

skaldjur). Mänsklig exponering för MP:er är inte begränsad till konsumtion av fisk och 

skaldjur, så vi tittar också på andra exponeringsvägar, som dricksvatten, luft och andra 

livsmedel. Vi bedömde kritiskt de kunskapsluckor som kvarstod i detta snabbt utvecklande 

tvärvetenskapliga forskningsområde och poängterar framtida forskningsbehov. Brist på 

kunskap här hindrar slutsatser. 

Riskperception 

Riskbedömningar behandlas främst inom vetenskap och används som ett verktyg för att styra 

prioriteringar och policybeslut, och ses ofta som separata från riskperception. Dock är 
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riskperception och uppfattningar viktiga i kommunikation och diskussioner kring plaster i 

miljön och samhället. Mänskligt beteende, ekonomiska drivkrafter, samhällsfunktioner och 

plastens viktiga roll i våra liv ligger bakom förekomsten av plast i miljön. Därför är det viktigt 

att ta hänsyn till sociala aspekter och riskperception. De spelar en viktig roll i hantering av 

problem som påverkar individens beteende samt beslut inom företag och myndigheter. 

 

Slutsats 

Nuvarande forskning har bidragit till en ökad förståelse för mekanismerna av effekter som 

uppstår vid MP-exponering, och hanterar både partikel- och kemiska effekter. Under de 

senaste två åren har vi fått en mer nyanserad och detaljerad bild av mekanismer av effekter, 

exponeringsvägar, miljöhalter och risker. En assimilering av denna kunskap från många 

nivåer av biologisk organisation gör att vi kan dra slutsatsen att dagens nivåer av MP:er inte 

utgör en stor risk i miljön i nuläget. Kunskap om mänsklig exponering och konsekvenser är 

bristfälliga, likaså kunskaper om förekomsten av nanoplaster. Det vetenskapliga samhället 

har för närvarande inte kunnat nå enighet om hälsoriskerna för människor, men störst risk 

förekommer troligen där exponeringshalter är högst, tex hos textilarbetare. Eftersom 

produktion, användning, och utsläpp av plastmaterial förväntas ökar vilket kommer att leda 

till högre halter av MP:er i alla miljöer, och därefter, mer betydande risker är de nyaste 

slutsatserna inom forskningsfälten att stora hot och risker inte förekommer idag men kan sker 

i framtiden. Därför vill vi uppmana tillämpning av försiktighetsprincipen. MP-föroreningar bör 

undvikas, och utsläpp måste åtgärdas vid källan för att minska exponeringar och ökade 

risker. 
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BACKGROUND 

The production and use of plastic materials have increased steadily since the start of 

industrial manufacturing in the 1950s, and current global production volumes exceed 322 

million tons per year1. Plastic materials have become indispensable for numerous 

applications in our everyday lives and are important in many sectors including the 

transportation, electronics, construction, packaging, agriculture, food safety, health and 

hygiene, and textile industries. Global production is dominated by six types of polymers: 

polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polyethylene terephthalate 

(PET) polystyrene (PS), and polyurethane (PU)2,3. These six materials comprise 

approximately 80% of total plastics production (19.3% is PP, 17.5% is low-density PE 

(LDPE), 12.5% is high-density PE (HDPE) and medium-density PE, 10% is PVC, 7.5% is 

PUR, 7.4% is PET and 6.7% is PS, including expanded PS)4. Packaging materials constitute 

a major use of produced plastics; 40% of European plastic production is used in packaging, 

with PE (LPPE and HDPE), PP and PET being the most commonly used polymers5. 

Plastics have become ubiquitous not only in the technosphere but also in every realm of the 

natural environment. This issue has been acknowledged for decades; both the general public 

and the scientific community have been aware of the presence of plastics in the marine 

environment since the 1950s and 1960s. One can trace public awareness of plastic pollution 

in the world’s oceans to newspaper articles, such as the NY Times citing research 

documenting plastic objects floating on ocean surfaces6. In fact, we have been dumping 

waste in the oceans for decades. Our knowledge of this practice and the problems resulting 

from it is reflected in laws preventing these acts dating back to the 1970s associated with the 

Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter 

(The London Convention) in 1972, followed shortly thereafter by the International Convention 

for the Prevention of Pollution from Ships (MARPOL) in 1973. 

Today, we are confronted with messages and images of plastic pollution, from macroplastics 

such as fishing gear and plastic bags to microbeads and fibers, via newspapers, social media, 

television and documentaries. Popular media communication has followed the increase in 

scientific publications within the field. Our knowledge concerning the sources and fate of 

plastics is increasing as the number of technical reports and peer-reviewed scientific studies 

increases. There are many overviews of plastic pollution estimating the global amounts of 

plastic marine litter7, the total amount of plastic ever produced8, the number of plastic particles 

according to size (from macroplastics to MPs) in the oceans9, and the extent to which land-

based sources and rivers contribute to marine debris10,11. 

Similar to the number of scientific articles addressing the occurrence and fate of MPs, the 

number of studies addressing their effects has increased steadily in the past few years 

(Figure 1). Although investigations of the effects of MPs are still relatively young, our 

understanding of the effects increases as the research community teases apart the complex 

questions regarding MP exposure. These questions involve numerous factors, such as 

polymer types, particle size and shape, chemical additives, environmental contaminants, and 

exposure pathways. Until recently, much of this work focused on marine and aquatic systems, 
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but studies of plastics in terrestrial systems are increasing, and we are gaining information 

about the occurrence and effects of plastics in terrestrial organisms. This gain is evident in 

the recent increase in publications addressing the effects of MPs (Figure 1). 

 

 

Figure 1 Cumulative number of publications in the research area of MPs. The graph demonstrates 

exponential growth in peer-reviewed literature since 1961 (Data source: Google Scholar 2018-12-17). 

As this research field is expanding and knowledge is increasing exponentially, this report 

intends to summarize the current consensus concerning MPs. The main aim of the report is 

to address our current understanding of the interactions of MPs with biota as well as the 

impacts of MPs from both physical and chemical perspectives. Understanding the potential 

mechanisms, important variables, and effects in organisms (both aquatic and terrestrial) is 

essential to any risk assessment of potential ecological impacts, as is information on 

exposure levels and types. We therefore also address current methodologies used to 

document the occurrence, sources and fate of MPs in different environments, although an in-

depth analysis of this work is beyond the scope of the current report. 
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DEFINITIONS AND TERMINOLOGY 

Agreement upon and appropriate use of definitions of terms are essential to avoid 

miscommunication and misleading interpretations of scientific findings within and across MP 

research disciplines and sectors (industry, governmental authorities, and the public). We 

therefore define the most commonly used definitions and terminology in the research area of 

MPs here. 

Marine litter, or marine debris, has received much international attention. The terms ‘litter’ 

and ‘debris’ are often used interchangeably, for example, in the United Nations Environment 

Programme (UNEP) report on marine plastic debris and MPs (2016)12. Both terms refer to 

solid waste, although the former indicates more intentionally and inappropriately discarded 

materials, while the latter implies broken and discarded materials and may refer to, e.g., rock 

fragments. The terms ‘microlitter’ and ‘microdebris’ are also used interchangeably in 

reports and scientific publications. Microlitter includes other materials that may be identified 

in the analyses of environmental samples, such as wood or naturally occurring polymers, 

metals, combustion particles, rubber, and natural fibers from cellulose, cotton, and wool. 

The majority of litter identified in marine environments consists of plastics. In some cases, up 

to 90% of collected items are plastic13. The word ‘plastic’ refers to the capability of being 

shaped or molded, and the noun ‘plastic’ is a colloquial term that denotes a group of synthetic, 

organic, polymeric, high-molecular-weight materials. According to the International 

Organization for Standardization (ISO), plastic is a material that contains a high-molecular-

weight polymer as an essential ingredient, which at some stage in its processing into finished 

products can be shaped by flow14. ‘Plastics’ refers to thousands of different polymers that can 

be further categorized into thermoplastics (such as PE, PP and PS), which can be heated 

and remolded, or thermosets (e.g., PUR), which undergo a chemical reaction during 

solidification and cannot be melted and reformed. The feedstock for synthesis of plastic 

materials is usually fossil fuels, including crude oils and natural gases (in fact, production of 

plastics currently constitutes approximately 8% of global fossil fuel usage annually, including 

both materials and energy use, and the vast majority of plastics are produced from fossil fuels 

(up to 99%))15. Polymer diversity is extensive. Approximately 30000 different polymer types 

are registered with the European Union2 alone. 

Plastics consist of not only the polymers themselves but also thousands of other chemical 

substances, including both intentionally added substances (IASs; i.e., monomers, solvents, 

processing aids, etc.) and nonintentionally added substances (NIASs; i.e., metabolites, 

impurities, etc.)16. Plastic products commonly contain additives such as fillers, plasticizers, 

flame retardants, colorants, stabilizers, biocides, etc16. Many of these compounds used to 

make plastics are considered hazardous3,17. 

Two terms that are often used in reference to ‘environmentally friendly plastics’ are 

‘bioplastics’ and ‘biodegradable plastics’, although these claims remain debated and the 

terms themselves can be misleading. Bioplastic refers to plastic polymers that are derived 

from biomass instead of fossil fuels, which reduces the environmental impact of their 

products18. Examples include polylactic acid (PLA) from corn and PE derived from sugarcane. 
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The term ‘bioplastic’, however, is viewed as problematic, as it implies that the products are 

safer or more environmentally friendly, while this may not be true. The biological and 

ecological effects of bioplastics, while not well studied, are not likely to differ from those of 

petroleum-based polymers. Feedstock may not be produced in a sustainable manner, 

affecting the use of land, water, pesticides and food sources19. In addition, while the physical 

and chemical structures of some biopolymers may allow for degradation in composts, biotic 

and abiotic factors in the natural environment can hinder their decomposition20. 

The term ‘microplastics’ was first coined by Thompson et al. in 2004 and referred to small 

plastic pieces that were 5 mm or smaller in size21. The Joint Group of Experts on the Scientific 

Aspects of Marine Environmental Protection (GESAMP) defined MPs as plastic particles 

<5 mm in diameter. This definition also included a lower limit to the size range, specifically, 

nanosized particles as small as 1 nm22. However, this lower size limit has been identified as 

somewhat inaccurate due to the colloidal nature of nanoplastics (NNPs) in aqueous media23 

and current technological limitations in the identification of smaller plastic particles (e.g., 

through the use of µ-Fourier transform infrared spectroscopy (FTIR))24. Thus, a lower size 

limit of 1 µm has been suggested24,25. 

In association with this classification, the term ‘nanoplastics’ was proposed, 

complementarily defining the smallest synthetic particulate fraction based on similarities to 

engineered nanoparticles25. The term ‘nanoparticle’ has been defined as a particle that is 

between 1 nm and 100 nm in one dimension and usually refers to inorganic particles instead 

of molecules. The definition of ‘nanoplastics’ is currently under discussion both within the 

scientific community26 and among decision makers (e.g., ECs technical working group on 

marine litter)27. The term ‘nanoplastic’ has been used to indicate particles ranging in size from 

1 nm to 100 nm or 1000 nm (1 µm)25,26,28. These authors argue that NNPs should refer to 

unintentionally produced particles (i.e., those from degradation) up to 1 µm in size and that 

NNPs differ from ‘nanomaterials’ that are intentionally produced to have specific chemical 

and physical properties. This definition of ‘nanoplastic’ is in contrast to that used in numerous 

exposure studies, where authors have used produced NNPs (usually PS) to address their 

effects and toxicity29–31, but in line with that used in the work of others producing weathered 

plastic nanoparticles under laboratory conditions32 or measuring NNPs in environmental 

samples33. 

The term ‘microplastic’ was further refined by Cole and colleagues 34, who described ‘primary 

microplastics’ and ‘secondary microplastics’, dividing the particles according to origin, 

i.e., particles that were manufactured in a microscopic size range (including pellets or beads) 

versus the degradation products of large debris (produced via physical, biological or chemical 

fragmentation)34. Importantly, the usage of the term ‘degradation’ in the case of plastics 

usually does not indicate chemical decomposition but fragmentation to smaller particles. MPs 

are usually considered nondissolvable and nondegradable, although there is some evidence 

that MPs do in fact degrade to some degree under certain environmental conditions (usually 

requiring ultraviolet (UV) light). This process results in changes in hydroxyl bonds, carbonyl 

groups, and carbon-oxygen bonds as well as chain scission products35,36. A separate 

category of MPs (not primary nor secondary) has also be identified and includes MPs that 
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are generated as a result of product wear during the product’s lifetime. Contrary to secondary 

MPs, this group of MPs is not formed during environmental weathering but is generated via 

mulching, abrasion of car tires, and wear of textiles and synthetic paints37. 

Although MP has become a widespread and fairly all-inclusive working definition, in recent 

years, its versatility has been challenged as it does not account for the complexity of these 

materials. The present definition of MPs does not distinguish between different polymers or 

chemical compositions, nor does it include information describing the size or shape of the 

particles. Terms used to describe shapes or forms of microparticles are important, even 

though the full impact of these parameters on the fate or effects of particles is not fully 

understood. Terms describing shape may also provide indications of sources or origins of the 

particles. For example, ‘pellets’ or ‘nurdles’ are round, oval or cylindrical in shape and 2-5 

mm in size and originate from preproduction raw plastic facilities38, whereas ‘film’ refers to a 

thin sheet of plastic with two smooth planes39, likely originating from packaging or bags. The 

arbitrary thickness of a film differs from country to country and often from material to material 

but in some cases is 0.25 mm14. ‘Fragments’ are particles derived from macroplastic that 

have been broken down into smaller particles through weathering or mechanical forces40. 

‘Fibers’ or ‘microfibers’ are commonly used terms as these particles are ubiquitous in the 

environment, but there is no clear definition of their size; the diameter is generally accepted 

to be < 20 µm, although the length may be > 5 mm41. Images showing common shapes of 

MPs are shown in Figure 2. These MPs originate from synthetic textiles or fishing gear. In 

some cases, other synthetic particles of nonplastic chemical composition (e.g., synthetic 

rubber, antifouling particles, and semisynthetic materials) are considered to be MPs, although 

they should more correctly be referred to as microlitter. 

The definition of MPs is progressively evolving, but we highlight the need for consensus, 

which will allow easier communication and comparisons between studies. The use of differing 

definitions of MPs is framework dependent and is becoming tailored to suit the needs of 

different stakeholders (in research, reporting, policy making, and the media). For example, 

operational definitions used in research tend to be theoretical, all-encompassing and evolving 

concepts that account for increasing knowledge and complexity, e.g., heteroaggregates and 

associations with dissolved organic material (DOM)42. However, the development of a legal 

definition will more readily enable regulatory action(s) and should be clear and factual. 

Additionally, as the media landscape rapidly changes, in a time when scientists, decision 

makers and the general public increasingly engage in communication via multiple means, 

definitions used in reporting and communication should aim not only to explain fact-based 

issues and possible mitigation but also to prevent the dissemination of misleading or biased 

information43. Despite rapid advancements in MP research, the communication of research 

findings can be context dependent and may be influenced by value judgment. To reduce 

subjectivity and avoid misinterpretation, harmonization of definitions and terminologies is 

essential. This harmonization is important not only for defining MPs themselves44 but also for 

defining commonly used terms (e.g., uptake, bioaccumulation, biomagnification, and 

aging/weathering) or phrases, such as ‘environmental realism’ or ‘environmental 
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relevance’, ‘ecological harm’, ’damage’ and ‘adverse biological effects’. These terms 

are discussed in more detail below. 

Achieving consensus in our definitions of MPs and associated terminology across sectors 

may be problematic, but it is essential for acknowledging potential differences in the meaning 

of these terms and the context where they are used. 

 

 

Figure 2. Scanning electron images of microplastics. A) Polyethylene beads with a smooth surface 

structure, B) polystyrene particle with rough surface, and C) polyethylene terephthalate fiber. Note 

differing size scales of images. (Photo credits: A and B: Giedrė Ašmonaitė and C: Anne-Charlotte 

Hanning). 
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A BRIEF LOOK AT ENVIRONMENTAL OCCURRENCE, SOURCES AND FATE  

The presence of plastics in ocean surface waters has been evident in scientific publications 

for decades, dating back to the 1960s and 1970s. Preproduction pellets were identified in 

surface waters, birds’ stomachs, and beaches around the world45–47. It was predicted at the 

time that plastic packaging materials would become more prevalent but also more 

problematic in waste collection, and littering and runoff from landfills were identified as 

pathways through which plastics entered the environment48. Since then, plastic litter has been 

identified in aquatic ecosystems globally, with coverage increasing every year. The majority 

(approximately 80%) of plastic in the oceans originates from land-based activities49, while the 

rest stems from maritime activities, and plastics will accumulate more in major ocean gyres50–

52. MPs exhibit similar patterns, although their occurrence can appear patchy. Understanding 

the sources and fate of MPs in different environments is essential for any attempt to define 

exposure levels, prerequisites for risk assessments, and efforts to mitigate problems. 

An in-depth review of concentrations or amounts of MPs is beyond the scope of this report, 

and several reviews cover the issue of MP occurrence in aquatic systems53,54. Several 

sources have been studied, including release from production sites55 and inputs from fishing 

and aquaculture7,56, car tires, artificial turf57,58, textiles59–61 and wastewater treatment62–64. 

Many of the references in this chapter are reviews and contain summaries of numerous 

works. 

SAMPLING AND ANALYTICAL METHODS 

The methodologies utilized to sample and identify MPs in environmental matrices have been 

important focuses of research and development. Numerous methods for MP detection have 

become well established, allowing for the collection of more reliable and comparable 

estimates of MP abundances in various compartments of the (aquatic) environment. The 

alignment of sampling techniques, methodologies, and reporting is increasing, and 

benchmarking efforts are underway to standardize sampling, analyses and reporting to ease 

comparison between studies separated in time and space. Discussions about the most 

informative units for reporting MPs seem to indicate that the simultaneous use of several 

units may be useful (e.g., number of particles per area or volume and weight of particles per 

area or volume, with the addition of descriptors such as polymer type, size range, and shape). 

Different methodologies of sample collection from surface waters have been compared, e.g., 

pump versus trawl65. While both methods are fairly common and relatively comparable, 

several limitations have been identified. Pump methods, which are suitable for point sources, 

may introduce contamination from hoses and do not sample the surface layer. In contrast, 

trawls can integrate over larger areas, including the sea surface, but are less accurate for 

determining the absolute concentration.  

The mesh size used during sampling is of vital importance. A report documenting MPs in 

surface waters along the west coast of Sweden showed that levels of MPs were 100000-fold 
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higher when using a 10 µm filter than when using a 0.3 mm trawl65. For example, Norén and 

colleagues reported results from the Swedish west coast that far exceeded those previously 

reported from other marine waters66 but indicated that this was likely due to different sampling 

methods and mesh sizes. More comparable to previous studies are the results of MPs from 

the west coast of Sweden (0.01-0.14 particles/m3)66 and the coast of Finland (0-0.74 

particles/m3)62. In the Baltic Sea, transects were found to average 0.27 particles/m3 53. 

More recently, researchers have begun analyzing the occurrence of MPs in sediments and 

terrestrial environments, driving the development of methodologies customized for these 

more complex matrices67. Sampling techniques in such cases may involve using core 

samplers where depth and volume can be determined or conducting analyses per area of, 

for example, a beach or an agricultural plot (to a certain depth). The data reported in such 

cases may be the number of MPs per area or mass weight. 

The treatment of samples prior to analysis has also been the subject of much research and 

is important as it allows the identification of MPs in complex matrices but may also affect the 

particles themselves. While samples from water may contain additional particulates, organic 

matter, and organisms, e.g., microalgae, matrices such as biota or sediment/earth samples 

are more challenging to analyze. Most methodologies include a digestion and/or separation 

step. Digestion often includes the addition of a strong acid (e.g., HCl), base (e.g., KOH or 

NaOH), or oxidizing agent (e.g., H2O2) or enzymatic degradation68–71. Density separation is 

applied at times using NaCl, NaI, or ZnCl2 solutions to separate plastic particles from other 

particulate matter72. All of these techniques require some degree of cleaning as biofilms, 

organic and inorganic matter may produce artefacts that impede characterization of the 

polymers73. 

The detection and identification of polymers are important steps in MP research and are 

conducted via a variety of methodologies. Visual identification is the most accessible means 

of handling samples, although it is more suitable for larger particles. The process is time 

consuming, and studies have revealed a high degree of uncertainty in these results50,68,74,75. 

Other techniques applied in the identification of MPs are utilized, although these require 

costly instrumentation and expertise. FTIR and µ-FTIR provide information on the chemical 

bonds in particles, allowing the identification of specific polymer types and, in some cases, 

the detection of degradation in the polymers. The application of attenuated total reflectance 

(ATR-FTIR) can be useful for particles with irregular surfaces. Raman spectroscopy has 

functions and limitations similar to those of FTIR but is also sensitive to additives and 

pigments. In contrast, pyrolysis-gas chromatography-mass spectrometry (GC/MS) is a 

destructive process that analyses thermally decomposed gases of particles and can 

simultaneously detect additive chemicals in certain polymers. All of these techniques require 

some degree of cleaning as biofilms and organic and inorganic matter may produce artifacts 

that impede characterization of the polymers73. 

Many sampling and analytical techniques have increased in accuracy, allowing the detection 

of smaller particles. The detection of particles with sizes <10 µm is still technologically difficult 

and costly, but this information is important. There are indications that the number of particles 
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greatly increases as the size of the analyzed particles decreases, and biological evidence, 

as discussed below, shows that particles in these lower size ranges are more hazardous to 

organisms. 

SPATIOTEMPORAL DISTRIBUTION IN AQUATIC SYSTEMS 

While the identification of point sources and pathways through which MPs enter the 

environment has progressed, diffuse, nonpoint sources are more challenging to address. This 

work is necessary as our understanding of the fate of MPs and how they spread in the 

environment provides us with a better understanding of the breadth of the problem as well as 

guidance for risk assessments and mitigation efforts. There is a discrepancy between 

production volumes of plastic materials, estimated entry into the marine environment, and 

actual sampling information7,76, indicating gaps in knowledge about the spatiotemporal 

distribution of MPs in aquatic systems. 

A number of point sources and pathways for release of MPs have been identified. For 

example, MPs are found in sewage effluent, usually at a concentration of 1000 particles/L, 

but this is dependent on the treatment processes in use. Studies show that waste treatment 

plants (WTP) removal efficiency for MPs can reach up to 80-99%, but particles < 10 µm are 

not removed. Fibers are more difficult to remove (just 20 %), due in part to their small sizes 

(in diameter)77. Additionally, particles of < 10 µm are not removed. Fibers are more difficult 

to remove (with a success rate of only 20%), due in part to their small sizes (in diameter)77. 

Following removal during treatment processes, a large portion of MPs entering into 

wastewater treatment plants will end up in sludge 62,69,78. Biosolids can consequently become 

a source of MPs for terrestrial environments due to landfill.  

Urban areas are important sources, and pollution gradients indicating a decreasing 

abundance of MPs from urban territories have been described50,64. Greater MP abundances 

have been found in areas near industrial centers55,79. Coastal regions generally have higher 

pollutant concentrations80. An investigation of the spread of plastic pellets from a production 

site showed that the MPs moved with currents and winds, decreasing in concentration with 

distance from the industrial site, but that the pellets were predicted to beach as prevailing 

winds drove them landward55. In fact, recent studies indicate that MPs remain in surface 

water for a shorter period of time than previously predicted due to water action and changes 

in density due to biofouling, weathering, and changes in the molecular structure of the 

polymers (discussed below). 

The vertical distribution of MPs in the water column is subject to turbulent mixing (wind and 

wave action, shipping, and megafaunal activity) and advective transport towards neutral 

buoyancy. Models and empirical data suggest that size is an important factor affecting 

interactions between particles and turbulent forces, resulting in higher concentrations of 

larger, buoyant MPs in the surface layers, while smaller MPs (<100 µm and <10 µm) are 

found in deeper water layers81. Regional and seasonal differences in currents, wave action 

and topography will affect how particles are transported82. Interactions with planktonic 
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organisms will also affect vertical transport; MPs can become integrated into marine snow 

(organic-rich aggregates), dictating the vertical flux of materials in the oceans83. The 

association of MPs with marine snow leads to sedimentation of these particles, thereby 

modulating their fate in the water column and/or affecting their bioavailability 84. Once MPs 

reach marine sediment via marine snow formation or biofouling, bioturbation activity of 

sediment-associated organisms will be important in determining distribution within the 

sediment84. 

MP research is predominantly performed in European and Atlantic waters, while data from 

other geographic regions, remain under-represented in the field of MPs research. This 

underrepresentation results in knowledge gaps in regions where macroplastic is recognized 

as a major problem7 but where MP research has not reached the same level of priority. A 

number of studies report MPs on beaches and in organisms, e.g. birds, and pelagic waters 

in Southeast Asia85, indicating levels one order of magnitude higher than in other oceans. 

In addition to small- and large-scale spatial differences in MP occurrence, seasonal 

differences have also been observed. A high influx of freshwater, e.g., from rainfall and 

rivers86 or changing rains and winds associated with monsoons87, can flush MPs seaward or 

result in increased beaching. 

 

Figure 3. Environmental fate of MPs in the aquatic environment (Graphics: Riccardo Pravettoni, 

Marine Litter Vital Graphics). 
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WEATHERING, AGING, FRAGMENTATION, AND DEGRADATION 

Once MPs have entered the environment, they undergo weathering processes, sometimes 

also referred to as ‘aging’. ‘Weathering’ and ‘aging’ are used interchangeably and generally 

refer to changes in MPs that occur during their lifetime in the environment. 

Weathering entails physical stress of MPs by various abiotic (e.g., wave activity, abrasion, 

temperature fluctuations, and UV radiation) and biotic (e.g., biofilm formation, microbial 

degradation or animal foraging and processing in gastrointestinal fluids) factors88. Initial 

degradation of plastics in the environment likely occurs via abiotic processes, driven by 

interactions with UV radiation and oxygen, initiating degradation of the carbon-carbon 

backbone. Photo-oxidation and hydrolysis reactions then proceed89. Plastics are found in 

different environments and habitats (marine, freshwater, and terrestrial environments) and 

are therefore subjected to different forces and processes that underpin their weathering/aging 

(Figure 3). For example, thermal and light conditions differ drastically between beach, ocean 

surface layers and deep-sea sediment, where UV light and higher temperature on beaches 

and ocean surface can induce degradation pathways that may not be relevant for MPs 

prevalent in the deep ocean floor. MPs in terrestrial systems are exposed to completely 

different abiotic conditions and (micro)organism communities than those found in marine or 

limnic environments, driving the aging of plastic material.  

Exposure of MPs to various stressors leads to surface and structural changes (e.g., density, 

size, shape, crystallinity, tensile strength, and molecular weight) in the material. Weathering 

entails ‘degradation’ that refers to a chemical change in the polymer constituents of the MPs, 

and ‘fragmentation’, a process that is more commonly discussed as ‘breakdown’, refers to 

the physical breaking of larger particles into smaller particles. Plastic weathering leads to the 

formation of smaller polymeric fragments, NNPs, oligomers and/or chemical fragments 

derived from large polymer chains88,90. Fragmentation is largely induced by mechanical 

shearing and weathering. Experimental weathering, modeling and field studies suggest the 

formation of NNPs in the environment23,32. However, the detection of NNPs in complex 

environmental samples still faces many challenges91, and it remains difficult to confirm their 

presence in complex natural matrices. Some preliminary data on NNP formation in natural 

environments exist. NNPs (PE, PS, PVC, and PET) were detected in colloidal fractions of 

seawater collected from the plastic accumulation zone in the western North Atlantic Ocean33. 

During plastic degradation, chemicals added to plastic can leach out, releasing not only 

chemical additives (plasticizers, fire retardants, heat and UV stabilizers, antioxidants, 

biocides, colorants, and lubricants) but also monomers and oligomers into the surrounding 

environment (water and sediments)35,92–94. 

After prolonged durations in the environment, MPs associate with organic and inorganic 

matter and form an eco-corona consisting of macromolecules (adsorbed from biological 

fluids), DOM, and particulate organic matter (POM))42. The acquired eco-corona on the MP 

surface provides an ideal substrate for colonization of microbial communities (microbes, 

phytoplankton, etc.) and in a broader sense represents a new, relatively unexploited 

ecological niche or “plastisphere”95. Association with biofilm or ‘biofouling’ can lead to 
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microbial degradation of synthetic polymers, affecting the surface properties, volume and 

density of MPs and in turn modulating the leaching or partitioning of chemical contaminants96. 

While the potential for biodegradation and mineralization of anthropogenic plastics exists97, 

their importance for plastic weathering is unknown. 

During their lifetime in aquatic environments, MPs will not only leach chemical constituents 

but should also obtain a new chemical fingerprint via association with environmental 

chemicals (i.e., organic compounds and metals)38,98–101. Many lipophilic chemicals from the 

surrounding environment adhere to MPs due to their hydrophobicity. The adhering of 

chemicals to MPs is closely attributed to the chemicals’ octanol-water coefficient102, which 

indicates the  chemical sorption capacity. This property of plastic materials has facilitated 

their use as passive samplers in environmental monitoring of chemicals103,104, but this 

characteristic is now widely discussed in the context of so-called vector or carrier effects of 

environmental contaminants. Although the contamination of MPs by persistent organic 

pollutants (POPs) was reported in the 1970s45, more extensive research on this topic was 

only recently initiated. In early studies, the concentration of contaminants sorbed onto plastics 

was shown to be orders of magnitude higher than that in the surrounding water99. Commonly 

found chemicals include POPs such as polychlorinated biphenyls (PCBs), polyaromatic 

hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs) and organochlorine 

pesticides (OCPs)38,105. Most of the older, aged or weathered plastics in aquatic 

environments are suspected to be in chemical equilibrium with the environment, whereas the 

newer, more recently disposed materials may still contain higher levels of additives and are 

likely not equilibrated with the surrounding media106 . 

Different synthetic polymers can have different sorptive properties and mechanisms101,107,108. 

For instance, PE has been shown to have a greater capacity for the absorption of hydrophobic 

organic chemicals (HOCs) than other polymer types99,109. A general distinction between 

polymer types can be made by classifying polymers into two main categories: glassy and 

rubbery polymers110,111. These two classes of polymers have different sorption mechanisms 

and affinities to HOCs. For instance, glassy polymers (e.g., PS and PVC) are prone to 

‘adsorption’ (adherence of chemicals on the particle surface) as the most prominent sorption 

mechanism. Structurally, glassy polymers have dense structures and few void gaps, 

restricting the diffusion of chemicals into the polymer matrix. In contrasts, rubbery polymers 

(e.g., PE and PP) are more flexible and have more space in their polymer structure, facilitating 

molecular ‘absorption’ into the bulk of the polymer matrix. 

As plastic degrades, its properties change, and aged and fragmented MPs are thus expected 

to have different sorptive properties (surface charge, crystallinity, additive content, etc.)88. For 

example, the weathering of plastics in the environment can increase their specific surface 

area, leading to higher sorption capacity. Smaller particles with larger surface-to-volume 

ratios have been shown to enhance sorption capacity compared to larger particles112. In this 

context, NNPs are suspected to have a greater capacity to sorb environmental 

contaminants113. However, very little is known about sorption and desorption dynamics during 

weathering88 and interactions with mixtures of environmental pollutants. 
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There is clearly a complex interplay between plastic degradation (physical and (bio)chemical) 

and ab/adsorption of chemical contaminants. Little is known about the interrelatedness of 

these interactions and their potential implications for the fate of chemicals in the environment, 

and the importance of this complex interplay for the MP-biota interface remains unexplored. 

More studies in this field are needed to predict potential pathways into food webs and 

associated impacts. 
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MICROPLASTICS IN AQUATIC FOOD WEBS 

Plastic debris is known to enter food chains. Anthropogenic MPs have been described in 

various animals ranging from those that form the base of the trophic food chain 

(zooplankton)114 to intermediate (invertebrates115 and small fish) and top predators (large fish, 

seals116, sea birds, and cetaceans117) (Figure 4). The plausibility of trophic transfer of MPs 

has been demonstrated in simplified food chains under laboratory conditions using model 

particles30,114,118–120 and has been inferred from the detection of MPs in the tissues of animals 

collected in the field117,121. The prevalence of MP trophic transfer in natural ecosystems is not 

known, but coastal food webs are thought to experience higher MP exposure stress, 

facilitating higher intake into aquatic food webs122, similar to areas of MP accumulation (e.g., 

gyres). 

 

Figure 4. Presence of MPs in marine food webs117 (Graphics: Riccardo Pravettoni, Marine Litter Vital 

Graphics). 

 

The incidental presence of MPs in aquatic habitats (surface water, the water column or 

sediments) facilitates the intake of MPs by organisms. The spatial overlap between the MP 

distribution and the physical presence of biota is the major contributing factor for MP influx 

into food webs123. MPs enter into food webs via prey’s ingestion (trophic transfer) 

entanglement, respiratory intake (inhalation) or adherence of MPs64,122–126. Nevertheless, 

ingestion of anthropogenic plastic debris is believed to be the most prominent pathway of MP 

entry into biota and trophic chains. 

 

INGESTION AS AN ENTRY PATHWAY 

Plastic ingestion (intake of MPs through the mouth into gastrointestinal tract via eating or 

drinking) is a pervasive phenomenon and is exacerbated across different trophic levels, 

habitats and geographic regions127. As a result of increasing environmental research and 

biomonitoring campaigns worldwide, descriptive information (both qualitative and 
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quantitative) about the ingestion of MPs by various aquatic organisms is steadily increasing. 

Detailed information about ingested MPs (e.g., plastic load, composition, size and incidence) 

can be found in numerous publications reporting the ingestion of MPs in the wild128. According 

to recent estimates, more than 690 marine species ingest plastic debris129, representing more 

than 40% of taxa130 (Figure 5). 

 

Figure 5. Graphical representation of the incidence of marine plastic debris ingestion131 (Graphics: 

Riccardo Pravettoni; Marine Litter Vital Graphics). 

 

Nevertheless, most of the data concerning the ingestion of MPs in the field are available only 

for larger MPs (> 100 µm)128. Information concerning the smallest-particle fractions in the 

natural environment unfortunately remains very limited. It is known that aquatic animals 

ingest a wide variety of MPs (e.g., fragments, nurdles and fibers), facilitating the entry of 

these MPs into food chains. The ingested MPs (their quantity, polymer type and size) can 

vary depending on the animal species and its ecology132,133. For example, MP intake is 

primarily driven by the overlap between the ingestible size fraction of natural prey and MPs 

and is limited to the size of the filtering apparatus123,133. Feeding mode and life history 

contribute to encountering and ingesting MPs123. Organisms in natural environments can 

either preferentially feed on MPs, or can accidentally ingest them, while foraging on food 

particles or organisms, containing these synthetic particles.  

 

MECHANISMS FACILITATING MICROPLASTICS INGESTION IN BIOTA 

Generally, organisms can ingest items directly (primary ingestion mode) or indirectly 

(secondary ingestion mode via prey)134. While plastic debris itself does not represent a good 

source of nutrition, plastic ingestion by aquatic organisms suggests the presence of 

https://www.grida.no/resources/6933
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mechanisms facilitating the preferential intake of nondigestible and non-nutritional plastic 

fragments. Plastic debris collected from the field contains scraping and biting marks such as 

visible bite marks from large animals (e.g., sharks, turtles, and seabirds), indicating active 

foraging for MPs135,136, or more subtle indications of feeding on MPs exerted by smaller 

animals. Small invertebrates can graze on biofilms, facilitating coingestion of plastic and 

associated chemicals136. Ingestion of MPs can also occur accidentally as predators ingest 

particulates, or so-called heteroaggregates, associated with zooplankton, bacteria, fungi, and 

organic or inorganic matter137, leading to the misidentification and ingestion of plastic 

debris134. 

MPs may contain pigments that render the particles colorful, leading to visual resemblance 

with prey. Animal specimens collected from the field often contain colorful synthetic or 

semisynthetic particles in their guts64. Some experimental laboratory studies have 

demonstrated that animals preferentially feed on colorful items, suggesting that color may be 

an important factor mediating foraging interactions138. For example, a study using gobies 

found that the fish confused three different colors of MPs with their prey, artemia, and that 

different populations of fish foraged differently, indicating the possible role of developmental 

influences139. 

In addition to color, a chemosensory mechanism of MP ingestion has been proposed for a 

wide range of organisms of varying sizes, from microscopic invertebrates140 to fish141,142 and 

seabirds143. In some instances, the ingestion of MPs is facilitated by molecular attractants 

(e.g., algae-derived dimethyl sulfide) associated with plastics in marine environments, which 

then stimulate active ingestion by marine animals as a result of prey confusion and 

association with molecules used in chemical signaling. The presence of a biofilm on MPs has 

been suggested to enhance MP intake by olfactory foragers, which are attracted to chemical 

signaling molecules that are associated with plastic and stimulate MP foraging activity141. 

Given the wide dispersal of MPs across different aquatic compartments, there is no doubt 

that animals will encounter plastic debris in their natural environments and in turn ingest it, 

thereby facilitating its entry into aquatic food webs. This route is evident in the environment, 

and plastic is incorporated via trophic interactions, either as a direct food source or as a 

substrate/vehicle for other nutritional contents (bacteria, fungi, and algae). The importance 

and breadth of the underlying mechanisms are unknown and need to be investigated further. 

 

BIOLOGICAL FATE OF INGESTED MICROPLASTICS 

The fate of MPs in organisms is an important factor not only modulating the fate of MPs in 

aquatic environments but also determining their potential impacts on biota and 

biomagnification potential. This will be discussed in the following sections. Potential scenarios 

of the biological fate of plastic particles in an organism include particle uptake and 

translocation, accumulation (retention) and elimination (egestion)144. 
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Particle ‘retention’ (prolonged residence time in an organism) in organisms can play an 

important role in determining potential biological impacts145. Different properties of MPs (e.g., 

size and shape) can influence retention and its duration in biota.  

Some studies suggest that smaller-sized particles can be retained for longer times in 

organisms146–149, prolonging the exposure to MPs in vivo. Small MPs and NNPs have been 

shown to tightly adhere to tissues (e.g. intestinal villi in fish150, foot and mantle of mussels124), 

cross membranes and limiting or delaying their excretion. In other studies, larger and less 

dense particles were shown to reside longer in organisms151.  Furthermore, it has been 

advocated that indigestible synthetic particles may have short retention in gastrointestinal 

tracts of organisms, and can be quite quickly eliminated152. Indeed, a growing body of 

evidence suggests that ingested MPs (particles and fibers) can be readily easily egested153 

(i.e. if ingested items do not impose physical blockage). This has been experimentally shown 

in several crustacean species148,154,155, echinoderms156,  amphibians157 and in fish larvae and 

adults152,153,158 . Particle ‘egestion’ (defecation or elimination of particles from digestive 

system) may occur without exerting damage or stress on organisms. On the other hand, if 

particles are not excreted, but rather are retained, they may be internalized or translocate in 

organisms, leading to MPs accumulation in biota (within a trophic level) and further transfer 

in the food web122.  

The ‘translocation’ (movement of particles from target tissue to other tissues) of particles is 

primarily tied to particle size, which also determines the transport mechanism (i.e., 

intracellular or paracellular uptake or persorption) of particles and extent of particle 

distribution in tissues. Some studies have provided evidence for MP translocation in different 

aquatic organisms: mussels159, crabs160 and fish161–163. Studies examining the uptake and 

translocation of particles are highly diverse and include both laboratory (in vitro, in vivo and 

ex vivo) and field investigations. For instance, in experiments involving bivalves and 

microscopic particles, the translocation of MPs (10 µm) into the circulatory system of mussels 

was documented144,159. Particle ingestion (<80 µm HDPE) by blue mussels was followed by 

cellular uptake and tissue translocation to the digestive gland and gills and subsequent 

particle accumulation in the lysosomal system159. Moreover, relatively large particles (up to 

250 µm) have been found to translocate in the gills, ovaries and hepatopancreas of 

crabs118,164. In fish, particles (up to 600 µm) have been found to be transported to the liver, 

and the occurrence of MPs (124-438 µm PE) in hepatic tissue was documented in wild fish 

captured in the field161,165.  

Collectively, while the uptake and translocation of larger MPs (> 100 µm) is deemed 

biologically possible (e.g. via specialized M-cells)166, the uptake of such particles through 

intact epithelia is believed to be incidental, or is associated with methodological artefacts64,167, 

thus the likelihood of such events and mechanisms remains under discussion. On the other 

hand, due to their small size, potentiating their bioavailability, NNPs have been 

experimentally shown to cross biological membranes and translocate to different 

organs30,168,169. 

Synthetic particles are able to cross epithelial tissues170, enter lymphatic or systemic 

circulation, and be further distributed in different tissues167. However, the underlying 
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mechanisms of cellular uptake, translocation and particle retention require further 

investigation. The duration of particle residence in an organism may influence the fate of the 

particle in the trophic chain and may determine the potential for biomagnification. 

Furthermore, particle retention and translocation dictate the likelihood of potential biological 

effects, especially for the smallest particles, i.e., those reaching the nano range167. Thus, we 

need to address the importance of understanding the perseverance and toxicological 

implications of these particles in organisms, including humans, as a likely final consumer.  

Additionally, we need to further understand the interactions and mechanisms governing the 

biological fate of MPs in organisms. This phenomenon could be particularly relevant, 

considering not only the biological fate occurring due to direct NNP exposure but also that 

within the context of NNP shedding during passage through alimentary tracts in vivo. For 

example, certain krill species possess a “milling stomach”, and ingested MPs fragment into 

smaller plastic pieces reaching the nano scale in the gut of these animals171. 

 

BIOMAGNIFICATION 

‘Biomagnification’ (increasing concentration of particles at successively higher levels in the 

food chain) of MPs in food webs is thought to be a potential consequence of MP accumulation 

in natural environments42,123. While the small-sized MPs and NNP have potential to enter 

trophic food chains, they are expected to biomagnify in the food webs, however, very little is 

known about the extent of this phenomenon in the natural environment. . Smaller particles 

are more likely to biomagnify as they can be readily absorbed by animals’ guts and can be 

retained in circulatory systems or distributed to different tissues, in contrast to intermediate-

sized particles, which can be easily egested from the organism. MP fragments or fibers can 

clog the intestinal tracts of organisms and be retained for considerably long periods of time, 

thus being able to trophically pass into the food web123. Even though, accumulation and 

retention of MPs in the digestive systems of organisms can facilitate the successive passage 

of these particles into higher trophic levels, but as these particles are not further translocated 

and retained in animal tissues, this may not infer to biomagnification of particles in the food 

web. While discussing MPs’ potential for biomagnification, it is important to acknowledge that 

mechanisms and pathwyas for biomagnification for solid particulates, such as MPs may be 

different than for e.g. fat-soluble persistent organic chemicals (where the term is inherently 

applied).   

In the future, to better understand the potential for MP biomagnification, more information is 

needed about particle uptake and depuration dynamics in aquatic organisms from different 

trophic levels122. For instance, the importance of different MP properties (concentration, size, 

and surface properties) for defining residence times in biological compartments (i.e., the 

gastrointestinal tract and gills) is unknown. Integration of such information in computational 

modeling could allow better predictions of MP fate in organisms and trophic interactions in 

complex food webs172. Such integration is also crucial for improving our understanding of the 

fate, impacts and potential for bioaccumulation and biomagnification of MP-associated 

chemicals. 
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IMPACTS OF MICROPLASTICS 

The impacts associated with MP exposure have been studied across different levels of 

biological organization: from gene to population level (Figure 6), thereby providing very 

different information regarding organisms’ interactions, exposure pathways and biological 

consequences. However, most of the studies addressing impact of MPs have focused on 

organismal responses, and information on population or ecosystem levels remains 

fragmented. Negative impacts that are associated with direct exposure to MPs on organisms 

are explained briefly here, and implications are discussed further below. In general, we are 

gaining a more nuanced understanding about impacts (or lack thereof) and mechanisms, but 

herein we will address primarily adverse effects reported in association with MPs exposure. 

And while effects may influenced by particle properties (size, shape, polymer), chemical 

exposure (leachates or sorbed environmental contaminants) and exposure scenarios 

(exposure routes, concentrations, etc.), the importance of aspects for mediating biological 

effects are also addressed in this report. 

 

 

Figure 6. Schematic representation of impacts associated with MP exposure across different 

levels of biological organization42 (Data source and graphics: Galloway et al. 2017). 
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MOLLECULAR-CELLULAR LEVEL 

Oxidative stress is a prominent mechanism of biological response to stressors and is 

commonly associated with MP exposure146,147,173. Oxidative stress can be induced by direct 

particulate exposure (i.e., formation of reactive oxygen species on the particle surface), 

indirectly via chemical exposures, or associated with the general stress response. 

Additionally, inflammation occurs in association with MP exposure, suggesting that MPs have 

the capacity to interfere with immune system components and induce immunological 

responses (e.g., granulocytoma formation, lysosomal membrane destabilization, neutrophil 

trap release, and cytokine regulation)159,174–176. Non-specific innate immune responses  may 

occur as a result of direct particle interaction or/and intrusion (e.g. internalization of MPs or 

NNPs167). Immunological responses as well as other large-scale molecular responses have 

been studied using gene expression analyses and proteomics. For example, using 

proteomics analysis, alterations in the hemolymph proteome affecting genes involved in 

inflammation and structural development in mussels were defined177. Other reported 

molecular effects resulting from MP exposure include lipid peroxidation and DNA strand 

breaks180, necrosis167, perturbation of membranes and activation of detoxification pathways. 

 

TISSUE-ORGAN LEVEL 

Several studies have focused on the impact of MP exposure in the gastrointestinal tract, 

which is the main site of MP exposure, while the potential effects in other primary organs of 

exposure, e.g., the gills and epidermis, remain largely understudied. 

The ingestion-related impacts of (micro)plastics are related to clogging and mechanical 

damage in the gastrointestinal tract181. At the tissue level, MPs induce inflammation174, 

increase mucus production182, or lead to goblet cell hyperplasia152. Long-term exposure to 

MPs results in structural deterioration of the fish intestine183 but may not exert any 

measurable effects on intestinal function152. Apart from the alimentary tract, effects in hepatic 

tissue have been reported and include disturbances in hepatic lipid and energy 

metabolism162, glycogen depletion, fatty vacuolation and single-cell necrosis184. 

 

ORGANISM-POPULATION LEVEL  

Recent work indicates that MPs can exert effects on behavior in organism from various 

trophic levels indiscriminately132.The  exposure to MPs have been shown  to cause false 

satiation181, reduced energy reserves186, growth impediments173, and lead to overall reduced 

fitness and survival187 in aquatic animals. Some studies also indicate potential of MPs to 

induce neurotoxicity180 and swimming behavior alterations 188, disruption of foraging and 

feeding behavior31,189–191.  

On that note, some organism level responses have shown to translate to population-level 

effects. For example,  impaired gametogenesis and gamete quality , potentially could leading 

to reduced fecundity and diminished reproduction success and reduced offspring viability in 

oysters190.  Also, reduced ingestion, causing to energy depletion and reduced fecundity and 
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survival in marine copepods31. These findings collectively indicate the potential of biological 

implications, cascading across populations. 

 

POTENTIAL IMPACTS ON COMMUNITIES AND ECOSYSTEMS 

To date, most of the research examining potential consequences of MPs for biota has 

focused on examining biological consequences at the organismal or suborganismal level 

(e.g., the molecular, cellular, and tissue levels). Although the presence of ecological impacts 

is predicted based on theory, the evidence for ecological harm caused by marine debris is 

currently limited and remains inconclusive192 (Figure 7). However, implications at the 

population or ecosystem level are expected. 

Due to the widespread occurrence and persistence of these physical entities (i.e., MPs) in 

the environment, they are hypothesized to physically alter biogeochemical cycling, change 

the dynamics of aquatic food webs, and have an impact on large-scale ecosystem 

processes8. For example, the accumulation of buoyant particulates in surface waters likely 

reduces light penetration, whereas sedimentation of plastic debris on the seafloor could 

impede the gas exchange between surface water and the interstitial water of sediments, 

potentially causing hypoxia193. These consequences are more likely to be attributed to larger 

plastic debris that, due to its bulky size, has a greater potential to influence and cause 

physical damage in natural environments. While MPs have a smaller mass per item, their 

other properties (i.e., a high surface-to-volume ratio, small size, and greater affinity for 

biological systems) have ecological consequences. Foreseen ecological consequences in 

pelagic habitats could have negative impacts on phyto- and zooplankton communities and 

subsequent consequences for carbon cycling42. Furthermore, biofouling of MPs can influence 

fluxes of organic matter in aquatic ecosystems194. Additionally, an association of MPs with 

alien species could suggest that floating MPs can serve as vectors for invasive species and 

pathogens195,196. These newly formed associations could have negative consequences for 

biological diversity95.  

Furthermore, plastics and MPs create a new niche that supports microbial growth and has 

the potential to affect carbon cycling in aquatic ecosystems. Experimental evidence 

demonstrates that leaching of organic carbon from MPs can stimulate the activity of 

heterotrophic microbes197. MPs can also expedite gene exchange in aquatic environments198. 

A recent review discusses the impacts of MPs on microbial communities, where horizontal 

gene transfer in the biofilm can affect the metabolic diversity of the microbes, potentially 

influencing cycling of organic carbon in the aquatic ecosystem. There are indications the 

proximity of MPs to humans and human microbiomes (e.g. in sewage effluent) could 

potentiate evolution of pathogenic species, or increase antibiotic resistance reservoirs in the 

environment.  

In sediments, it is believed that presence of MPs could affect the nutrient, oxygen and trace 

element permeability/transport into sediments, increasing nourishment and food availability 

for interstitial organisms, which subsequently could alter redox conditions in sediment 

layer.199  
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There are some experimental studies suggesting that incorporation of MPs in beach soils can 

alter thermal diffusivity in sediments, and it was predicted that this may have an impact on 

temperature-dependent organisms and their eggs (i.e. interstitial meiofauna, molluscs, 

crustaceans and turtles), further affecting associated ecological communities, inhabiting 

these regions199. Exposure to MPs could cause population shifts or affect animals’ behavior 

(e.g., burrowing and prey-predator interactions), which could lead to amendments of 

ecological functions in ecosystems42. For example, in benthic communities, MPs affected the 

fitness and behavior of lungworms by inducing indirect changes in primary productivity and 

nutrient cycling in their habitats200. MP exposure affects the structure of benthic 

assemblages201, influencing the functioning and structure of sedimentary habitats202. 

Due to the inherent complexity and interconnectedness of aquatic food webs, the assessment 

of potential ecological impacts strongly relies on predictions. The evaluation and prediction 

for ecosystem-level effects is in its infancy and is based on preliminary findings from existing 

experimental studies, modelling studies, and theoretical assumptions42. In order to better 

predict potential impacts of MPs on higher levels of biological complexity, the refinement of 

data concerning concentrations and fate of MPs in the environment and impacts in the 

organism from numerous trophic levels in the field, is needed. 
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KNOWLEDGE INTEGRATION 

Numerous stand-alone studies have provided valuable information about the potential 

mechanisms and toxicological effects associated with MP exposure, but collective knowledge 

integration is urgently needed not only to better understand linkages and relationships 

between observed biological responses but also to assimilate research findings and stimulate 

constructive research190,244. Existing conceptual toxicological frameworks, such as adverse 

outcome pathways (AOPs), have been proposed to accommodate knowledge integration and 

harmonization of MP research with the intention of facilitating knowledge transfer from 

research to policy making42. Although only recently introduced, this approach is starting to be 

used in MPs research146. For example, a tentative AOP was constructed to conceptually 

illustrate pathways that connect MP ingestion to potential adverse outcomes across different 

levels of biological complexity and incorporate various subcellular, cellular and individual 

responses (Figure 7)190,244. 

 

Figure 7. Adverse outcome pathway tentatively constructed for aquatic species exposed to MPs244 

(Data source and graphics: Galloway et al., 2016). 

Inherently, such a framework provides a generalized sequence of key biological events that 

are not tied to specific chemicals (i.e., polymers and additives) or particle properties (shape, 

size, surface charge, etc.). Thus, while integrating knowledge about the potential biological 

impacts and harm of MPs on/to organisms, it is important to consider the conditions under 

which experimental studies are conducted (exposure doses and shape and size of particles) 

and how they could relate to the diversity of observed adverse biological effects and MP 

exposures in natural environments. For example, the majority of effect-based investigations 

have addressed the potential toxicity of spherical commercially available MP products without 

considering the shape or surface topology of the particles. (Eco)toxicological knowledge of 

environmentally relevant MPs (i.e., those that undergo aging/weathering or environmentally 

realistic chemical exposures) is currently very limited. There is an evident mismatch between 
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the types of MPs commonly used in laboratory experiments and those that are detected in, 

extracted from, and identified in complex biological matrices. 

On the basis of existing experimental data, a higher prevalence of biological effects occurs 

at lower levels of biological organization, e.g., cellular as opposed to organismal. Additionally, 

the strongest interactions and negative consequences occur at the macromolecular and 

cellular levels at the lowest particle size ranges (Figure 8). The term “microplastics” has been 

used in studies of the potential effects of MPs across vast size gradients ranging from several 

nanometers up to 5 mm. Generally, plastics and MPs are referred to as biochemically inert 

materials that are not capable of directly interacting with biological receptors or molecules101. 

However, owing to their small size, submicron-sized particles and NNPs are bioavailable, can 

cross biological membranes, and can directly interact with cellular components245, in contrast 

to larger plastic debris. Therefore, larger MPs are not expected to pose great risks to aquatic 

organisms, and stronger (eco)toxicological effects are expected of NNPs and submicron-

sized MPs64,120,146. Lessons learned from elucidating the (eco)toxicological aspects of 

nanotechnologies and nanomaterials have been valuable for predicting the potential impacts 

of NNPs25,246,247. Additionally, detrimental effects of large macro- and mesoplastics are highly 

prevalent in natural environments and pose significant threats to large marine fauna, e.g., by 

leading to entanglement12 (GESAMP 2015, 2016). While these consequences are induced 

by plastics beyond the MP size fraction, large plastic debris remains a major cause of severe 

and irreversible impacts on aquatic organisms, which are often exempted from MP 

discussions. 

 

 

Figure 8. Perceived, tested and demonstrated effects of plastic debris across different levels of 

biological organization192 (Data source and graphics: Rochman et al., 2016). 
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Different effect studies are performed under relatively diverse experimental conditions 

(experimental designs, exposure conditions, target organisms, endpoints etc.), providing 

variable findings, regarding potential effects, which sometimes can be contradictory. There 

have been many discussions regarding the exposure levels used in (eco)toxicological 

studies, which are not considered to be environmentally relevant. For example, the majority 

of (eco)toxicological studies have focused on the effects of MPs at concentrations 102-107-

fold greater than currently reported environmental concentrations74,248,249. The consideration 

of exposure levels (and the bioavailability) of MPs is important as they determine the potential 

for toxicological effects. In recent years, an increase in the number of studies reporting an 

absence of adverse negative effects associated exposure to MPs 152,185,224 (and is growing), 

providing less alarming findings and balancing ongoing discussions on the danger/harm to 

biota by MPs. For example, a meta-study summarizing the impacts of MP exposure on 

aquatic invertebrates and fish reported the absence of or neutral biological effects on 

consumption, growth, reproduction, and survival187. 

MPs are recognized as particulate stressors in marine and freshwater ecosystems. Thus, the 

relative importance of MPs in effects on wildlife has been compared to that of naturally 

occurring particulates (e.g., sand and clay). While this line of research is emerging and more 

studies will be conducted, MPs are expected to have the same toxicity as naturally occurring 

particles across multiple levels of biological organization250. There is a call for the inclusion 

of ‘natural’ particles in controlled laboratory studies to either create a more realistic exposure 

scenario or help differentiate particle effects of MPs from chemical effects. 

Conclusive generalizations with regard to the magnitude of MP effects on biota are still 

difficult to make. There is an emerging consensus that the adversity of MP-mediated effects 

is associated with the size of the MPs. The chemical exposures of MPs, resulting from 

chemical additives or via coexposures with sorbed environmental pollutants, need to be 

considered and will be addressed in the following section of this report. 
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CHEMICAL EXPOSURE ASSOCIATED WITH (MICRO)PLASTICS 

The chemical toxicity of (micro)plastics is associated with the release of constituting 

monomers (or oligomers) and various chemical additives. 

Due to their high molecular mass, polymers themselves are considered inert and nonreactive 

materials incapable of crossing biological membranes203. Nevertheless, a number of plastic-

associated chemicals (i.e., unpolymerized residual monomers, NIASs, transformation and 

degradation products and chemical additives) are able to migrate from polymeric materials 

and induce toxicological effects. All plastic products contain some degree of chemicals, which 

can potentially leach into the environment during manufacture, use and disposal16. 

Additives are commonly used in plastics and include solvents, surfactants, plasticizers, 

stabilizers, biocides, flame retardants, accelerators, and colorants. Groh and colleagues 

recently published an overview of available data concerning chemicals that can be associated 

with plastic packaging materials, reporting evidence of 906 substances that are likely 

associated with plastics; they classified these substances according to data from 

classification, labeling and packaging (CLP) regulations implementing the United Nations' 

Globally Harmonized System (GHS)16. The authors identified 7 persistent, bioaccumulative, 

and toxic (PBT) or very persistent, very bioaccumulative (vPvB) compounds and 15 

endocrine-disrupting chemicals (EDCs). Thirty-four of the 906 chemicals were also 

recognized as EDCs or potential EDCs in a recent report by the UNEP. Some additives used 

in plastics are known to be carcinogenic, mutagenic, or toxic to reproduction and may have 

detrimental acute effects or long-term health impacts3. Such classification has been a long-

standing focus in human toxicology and epidemiological studies and has largely focused on 

certain chemical compounds (e.g., bisphenol A (BPA) and DEHP)204. Only recently have 

these compounds raised ecotoxicological concerns. High levels of phthalates (DEP, DBP and 

DEHP or its metabolites) were detected in tissues of marine animals (e.g., stranded marine 

turtles141, whales205, and sharks206), demonstrating that plastic-derived chemicals are 

widespread in aquatic environments and can be detected in aquatic organisms. Field studies 

have reported the presence of additives in organisms in association with ingested MPs207,208, 

suggesting that plastic additives are found in biota and that the animals may be exposed to 

chemical derivatives via the ingestion of MPs205. With the current limited evidence (which is 

also based on correlative assumptions), it remains difficult to confirm that additives are 

released as a result of plastic ingestion and not via other exposure pathways. Some modeling 

studies suggest that the migration of certain chemicals (e.g., nonylphenol (NP) and BPA) into 

biota (lungworms and fish) upon ingestion is minimal209. In contrast, it has been 

experimentally shown that additives can disassociate from plastic and migrate into 

organisms210. Additive-rich plastic materials have the potential to release chemical 

substances into organisms due to a high fugacity gradient211 and physiological conditions 

that enhance chemical desorption212. However, the ingestion-mediated effects of plastic 

additives remain largely unknown. 

The toxicity of plastic-associated chemicals has been investigated by testing chemical 

mixtures or leachates obtained from different plastic materials. Recent studies suggest large 
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differences in toxicological potency between additive-free versus additive-rich materials64,213. 

These findings suggests that major toxicological concerns are associated with the additives 

found in plastics64. Plastic materials composed of certain polymers (e.g., PVC) may contain 

up to 60% additives (by mass), significantly increasing the hazard potential of such plastic 

materials3. Laboratory studies testing the toxicity of leachates from commercial plastic 

products (e.g., single-use packaging materials) have shown leakage of chemicals and 

increased mortality of target organisms214. The toxicity of plastic leachates from recyclable 

plastics was shown to reduce larval survival and impair the settlement of sessile barnacle 

species215. Additionally, a recent study demonstrated that plastic leachates can affect prey-

predator interactions by affecting the prey’s behavioral vigilance and antipredatory 

behavior216. At the molecular level, plastic additives are known to possess estrogenic or 

androgenic activities in vitro217, leading to oxidative stress. Evidently, biochemically active 

components of leachates derived from new or recycled materials have great potential to 

induce toxicological effects on biota at multiple levels of biological organization. Additionally, 

aged/weathered materials can release unreacted monomers or oligomers and chemical 

additives35,94 and induce toxicological effects218. The intrinsic chemical properties (including 

IASs and NIASs), age, degradation state, origin and fate in the environment of the polymer 

can determine its potential to release chemical substances88. However, hazards of the 

chemical mixture(s) liberated from MPs by weathering are often unidentified, and the potential 

toxicity of weathered materials remains underinvestigated88. 

Overall, chemical exposures associated with plastic-derived chemicals are important when 

discussing the hazard potential of (micro)plastics. Due to the inherent diversity of plastic 

materials, potential chemical drivers of toxicity remain largely unknown (e.g., due to analytical 

challenges and costs of identifying constituents of complex mixtures in nontarget chemical 

screening). Currently, chemical toxicity testing of plastic-associated chemicals is limited to 

explorative studies testing leachates (or extracts) of specific plastic products under acute 

exposure conditions. 
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MICROPLASTICS AS VECTORS FOR ENVIRONMENTAL CONTAMINANTS 

Another aspect associated with chemical exposures of (micro)plastics arises from the 

reported ability of MPs to sorb contaminants from the surrounding environment99. 

The notion that desorption of MP-bound chemicals in organisms could facilitate an alternative 

pathway of entry for these chemicals into food chains and increase bioaccumulation and/or 

adverse effects on organisms207,219 has raised various concerns, which has in turn stimulated 

vivid discussions in the scientific community and fostered research on this topic. The 

hypothesis/assumption that MPs act as vectors for HOCs or metals into biota has been an 

important theme in discussions regarding the potential toxicological effects of MPs. However, 

investigations of vector effects have mostly focused the role of MPs in delivering persistent 

chemical contaminants sorbed from the environment, and little attention has been paid to 

plastic additives220. 

Vector effects have been studied by using measurements from the field (e.g., chemical 

concentrations in different matrices, correlated with MPs), experimental studies and modeling 

studies. This research formed the basis of our understanding of the prevalence of this 

phenomenon and the adversity of MP-mediated vector effects on biota. Vector effects have 

been studied in a broad range of animal groups (invertebrates221–223, fish152,183,184,224,225, and 

seabirds226) and include predictions of MP-mediated effects on trophic food chains172. A few 

studies included desorption experiments in artificial gut fluids64,227. It has been experimentally 

shown that the chemical transfer of MP-bound chemicals is biologically plausible, leading to 

desorption of chemicals in vivo with subsequent biological impacts183,184. For example, in vivo 

desorption is expected to be attenuated by the presence of gut surfactants, potentially leading 

to increased uptake of chemicals by an organism. 

As outlined in a critical review by Koelmans et al. (2016)211, investigations of this vector 

hypothesis have used different methodologies and experimental designs and have 

addressed different aspects of the issue. Thus, we lack a clear understanding of mechanisms 

and potentials as well as speculations about and misinterpretations of the issue. A growing 

body of experimental evidence and models (using environmental concentrations and 

chemical properties of specific substances) suggests that chemical transfer 

(bioaccumulation) and biological effects associated with MPs vector effects is limited and are 

expected to be greater via other pathways (prey contamination, uptake via water, 

etc.)211,223,225. 
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MICROPLASTICS IN TERRESTRIAL ENVIRONMENTS: SOURCES, OCCURRENCE AND 

BIOLOGICAL IMPACTS 

As previously discussed, we have been aware of the presence of MPs, specifically fibers, in 

the terrestrial environment for decades, and fibers have even been suggested as a trace 

marker for the spread of sewage sludge in terrestrial environments228,229. MPs are ubiquitous 

and abundant in terrestrial environments. However, the global distribution of MPs in different 

types of terrestrial habitats remains inadequately assessed230, and information about their 

abundance and composition is fragmented. One of the reasons for this lack of information is 

that the detection of MPs in complex matrices (e.g., soil and sludge) is procedurally and 

analytically challenging. Separating, identifying and quantifying is considerably more difficult 

in terrestrial samples than in aquatic systems (see section above “Sampling and analytical 

methods”). 

One of the largest sources of terrestrial MPs is sludge applied as a fertilizer to agricultural 

fields63,228. The deposition of sewage sludge containing MPs (beads, fibers, and NNPs) in 

agricultural soils can reach 63000–430000 tons (Europe) and 44000–300000 tons (North 

America)231 annually. The widespread agricultural practice of plasticulture, i.e., the use of 

plastic films or mulch to reduce reliance on rain, nutrient application and pesticides by 

covering and protecting seedbeds, is applied across large spatial scales120,232 and contributes 

to MPs in agricultural lands233. Furthermore, degradation and fragmentation of macroplastic 

debris on land facilitates the entry of MPs into the upper layers of soil. For example, wind 

dispersal of anthropogenic macroplastic debris in remote arid environments contributes to 

the accumulation of this debris in desert environments234. Other pathways for the entry of 

MPs into terrestrial environments include runoff from roads or urban areas and municipal 

water. With increasing influx of MPs into terrestrial ecosystems, soils are becoming long-term 

storage reservoirs of MPs and NNPs235.   

Additionally, the inclusion of MPs in soil is hypothesized to affect the properties of the soil, 

change geochemical and biophysical environments, and influence the structural and 

functional diversity of microbial soil communities236. These effects include impacts on soil 

microbiota and the functional diversity of soil enzymes237. MPs have been recognized as 

anthropogenic components of soil organic carbon cycles238,239. Additionally, the incorporation 

of MPs into terrestrial habitats (by biota) could pose a risk of chemical leaching into soil and 

groundwater240. MPs may affect the bioavailability and transport of organic MP-associated 

chemicals and/or NNPs235. These aspects need to be further investigated, with a particular 

focus on understanding the physicochemical processes governing plastic degradation, 

retention times and fate in soil and the interplay between MPs and associated chemicals. 

Studies examining the interactions and effects of MPs on biota in terrestrial environments are 

relatively scarce and have been limited to a few key organisms. The feeding mode of animals 

influences their exposure230, and MPs are recognized as food by animals or incorporated into 

their habitats. Ingestion has been documented in soil-dwelling organisms240, and MPs can be 

incorporated into burrows of earthworms and vertically transported through different soil 

layers240. Furthermore, micro-, meso- and macroplastics are ingested by camels, terrestrial 
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birds241 and livestock (i.e., cows/cattle)242. Regarding potential impacts on biota, studies have 

focused on the role of MPs as carriers of contaminants (agrochemicals) in soil organisms243, 

and although no strong evidence has been found, these questions warrant more detailed 

research in the future. We have yet to elucidate the impacts of plastic pollution in terrestrial 

ecosystems as well as the extent to which MPs accumulate in terrestrial food webs, and 

studies should involve a broader range of organisms (plants, microorganisms, and 

invertebrates, such as insects)120. 
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RISK ASSESSMENT 

The identification of risks can differ between disciplines. As Backhaus and Wagner (2018) 

noted, a marine biologist may consider MPs to be a risk based on their ubiquitous presence 

in marine environments without any consideration of hazard or harm251. Definitions of harm 

can also be controversial, and the Joint Research Council (JRC) has therefore clarified the 

use of this term with regard to the prevention of “harm”, as indicated in the Marine Strategic 

Framework Directive (MSFD). The JRC identify three types of harm: ecological (mortality or 

sublethal effects on plants and animals), social (reduction in aesthetic value or public safety) 

and economic (costs associated with tourism, vessels, fishing, and clean-up)27. Here, we will 

focus on ecological harm and risk. 

Current practices for environmental risk assessment (ERA) in Europe apply a model that 

compares predicted exposures (often predicted environmental concentrations, PECs) with 

knowledge of the hazard, or more precisely, a predicted no-effect concentration (PNEC). A 

PEC value that exceeds the PNEC value indicates risk. The basic premise of an ERA is to 

inform policymakers of a potential problem, i.e., exceeding an established threshold, for 

example, the concentration of a specific chemical, which is predicted to result in negative 

effects. These effect concentrations are based on experimental data using exposures and 

endpoint measurements from standardized tests, often with a single model organism. This 

type of risk assessment can be applied to specific regions (e.g., specific bodies of water), 

groups of organisms (e.g., birds or periphyton communities), and specific processes (e.g., 

wastewater treatment plants). 

ERA frameworks commonly used to assess the risks of soluble chemical contaminants have 

been adapted to insolvable synthetic polymer particles across different size and chemistry 

gradients. There are limitations and difficulties in applying this type of risk assessment to 

MPs, in part since standardized ERA models are used for single chemical compounds and 

are calculated as a function of chemical concentration (in weight or molarity). MPs, on the 

other hand, are polymeric particles potentially containing hundreds or thousands of chemical 

substances. The potential risks associated with exposure may be impacted by additional 

variables including size, shape, and biofouling. In addition, the scientific community is 

struggling to agree on which units MPs should be assigned to in exposure scenarios or 

reports of environmental concentrations: number, bulk weight, surface area, etc. 

Risk assessment of MPs is in its infancy and is implemented by adapting established 

procedures (for soluble chemicals) for application in questions concerning MPs. Currently, 

there is an evident mismatch between exposures in the environment and reported effects 

from laboratory studies. While the abundance of MPs is well documented in various 

compartments (surface waters, the water column and sediments) of aquatic ecosystems, MP 

interactions with and impacts on biota at these levels of contamination are not evident. The 

first attempts to conduct ERAs of MPs have only recently been made252,253. Preliminary 

findings suggest that average (reported) global MP concentrations are still within safe limits, 

with exceptions in certain geographical regions with higher levels of MP pollution pressure 

(i.e., coastal regions, narrow straits, and urban areas), which have higher anticipated impacts. 
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Based on the current state of the art of the field, concentrations of MPs are inferred to be 

safe, according to EU legislation. Notably, current ERA does not incorporate the smallest 

MPs fractions (and NNPs), which are also considered having greatest impact on biota, thus 

this assessment inherently remains limited to the largest sized MPs. 

An important consideration here is the expected future growth in the global production of 

plastics. The occurrence of MPs and exposure of biota to MPs are also expected to increase; 

thus, frequent updates involving ERAs will be needed. Moreover, there is a need to address 

existing uncertainties (lack of data, accuracy of data, technological implications, particle 

sizes, plastic chemistry, etc.) in such a framework, allowing the potential risks associated with 

MPs to be adequately assessed. As there are great uncertainties associated with the 

nanofraction, future risk analysis should include and consider particles in this size fraction. 

The existing knowledge base regarding the potential impacts of MPs has increased rapidly 

in recent years. However, despite recent advancements, the data available for hazard 

assessment of MPs are not sufficient for robust risk assessment. In the following section, we 

will examine prevalent knowledge gaps remaining in the contexts of MP exposure and hazard 

assessment, which are the components of ERA. 

 

KNOWLEDGE GAPS AND PREREQUISITES IN EXPOSURE AND HAZARD ASSESSMENTS 

Interdisciplinary knowledge obtained from various scientific disciplines (ecotoxicology, 

marine ecology, limnology, environmental chemistry, hydrology, oceanography, etc.) has 

facilitated growth and development in the rapidly expanding research field of MPs. In recent 

years, scientific progress has substantially improved our knowledge about the occurrence, 

environmental fate and potential impacts of MPs, but it has also revealed technological 

limitations, highlighted remaining knowledge gaps and uncertainties in regard to 

(micro)plastic pollution, and addressed needs for the future. 

 

EXPOSURE ASSESSMENT 

A widely addressed implication and challenge in MP research is the lack of international 

standardization of research methodologies suitable for monitoring (sampling and 

identification) of environmental MPs. Complementarily, quality criteria for conducting 

research and reporting data are needed to enhance transparency and facilitate better 

knowledge integration within and across disciplines254.  

Additionally, methodologies for the detection and quantification of submicron MPs and NNPs 

in aquatic environments and organisms are needed to determine exposure levels to these 

small particles255. 

Increased knowledge is also needed on the mechanisms and kinetics involved in plastic 

degradation and better elucidation of the role that degradation/weathering plays in chemical 

ab/adsorption in natural environments, in addition to the potential consequences of these 

processes for MP-mediated vector effects on biota, are needed256.  
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HAZARD ASSESSMENT 

Despite the recent increase in research examining interactions of MPs with biota and their 

potential impacts, many unanswered questions remain. Because the definition of MPs 

includes particles with different chemical compositions and morphologies, detailed reporting 

and categorization of hazard data are needed. Such processes could include better material 

characterization for ecotoxicity testing and tailoring hazard assessment towards more 

environmentally relevant materials and testing conditions257,258. 

The majority of hazard/effect laboratory studies have examined potential adverse effects of 

MPs at exposure levels orders of magnitude greater than “environmentally relevant” 

concentrations and/or under relatively “artificial” exposure conditions (type, size and chemical 

attributes of MPs). Thus, a transition from investigating the acute effects of high exposure 

levels of MPs to examining long-term or chronic exposure to low levels of MPs is strongly 

advised to increase the environmental realism of hazard studies. Additionally, current hazard 

testing is conspicuously skewed towards investigations using commercial MP products (e.g., 

NNPs and MPs that are uniformly spherical or contain surfactants and suspension-stabilizing 

agents) with little resemblance and relevance to plastic particles detected in the environment. 

Therefore, a shift in hazard testing towards environmentally relevant materials is needed and 

should go beyond single-polymer-type and single-shaped particles. 

The diversity of chemicals used in the plastics industry is substantial and can vary greatly 

between manufacturers; thus, studies that examine the potential toxicity of plastic materials 

(MPs and plastic leachates) should incorporate chemical analysis to identify potential 

chemical drivers (plastic degradation products, additives, and monomers)220. 

The majority of studies have primarily focused on marine biota; the impacts on freshwater 

species are considerably less explored, and the impacts in terrestrial systems are largely 

unknown. Benthic habitats have been described as a prominent sink for MPs76,259. However, 

information about the impacts on sediment-dwelling organisms in different aquatic habitats is 

not readily available and is therefore identified as a necessary future research direction. 

Furthermore, to date, very little attention has been paid to exploring impacts on terrestrial 

organisms or communities. 

Information for impact assessment at higher tiers of biological organization (i.e. population, 

community) is needed to assess the weight of evidence for MP (ecological) effects on biota 

and predict their downstream impacts on ecosystem functions. 
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HUMAN HEALTH RISK 

There is evidence for potential health risks associated with (micro)plastic exposure in 

humans, and MPs have been found in drinking water and food166,260,261. The greatest 

concerns regarding human health are related to potential microparticulate contamination in 

drinking water, seafood and freshwater products, which were discussed in previous sections 

of this report. While there are other pathways of human exposure (airborne contamination, 

contamination of land-based food commodities, medical devices, etc.)166, they will not be 

discussed in detail here. An integrative approach of assessing and quantifying the potential 

for human exposures as well as hazards is needed to estimate potential risks. This section 

briefly explores human exposures and potential risks in relation to some suspected exposure 

pathways. 

 

PRESENCE OF MICROPLASTICS IN DRINKING WATER 

Concern regarding the presence of MPs in the water supply chain was recently raised as MP 

particles were detected in tap water262. This discovery has fostered a search for MPs in the 

water supply chain, i.e., in sewage effluent, tap water, groundwater and commercial water145. 

Recent investigations of raw and treated drinking water (residuals from sewage treatment) 

suggest that MPs are not completely removed, especially particles in the low size range (< 

10 µm). The smallest particles are among the most abundant, accounting for 95% of 

particles263. An analysis of MPs in drinking tap water in the Nordic region (Denmark and 

Norway) did not find significant levels of MPs264. In Denmark, 15.6 particles/50 L was found, 

and 3% of these particles were identified as MPs (e.g., PET, PP, and PS), and the majority 

of the detected particles were made of cellulose-like material. In Norway, low levels of MPs 

were detected in drinking water (> 100 µm)265. A study in the Netherlands suggested low 

levels of MPs (>20 µm) in groundwater63. The presence of MPs in the water purification and 

supply chain was explained by the wear of plastic equipment used in water processing. 

Furthermore, contamination of bottled water by synthetic polymers is an emerging concern 

regarding the potential implications of MP pollution on human health. Up to 93% of 

commercial bottled water is contaminated by MPs, with an average of 10 particles per liter (> 

100 µm) and most of them are fibers266. Evidence for airborne contamination is limited in 

published studies, but new evidence is being generated that plastic packaging can release 

MPs into mineral water267. 

Our current understanding of the potential occurrence of MPs in drinking water is based on 

a few pioneering studies that raised awareness of the potential prevalence of MPs as 

emerging contaminants in water. More detailed studies are needed and would be beneficial 

for establishing MP levels for human exposure. Therefore, attention should be paid not only 

to refining analytical methodologies for MP detection (capturing and identifying the smallest 

fractions, i.e., NNPs, which currently are not analyzed) but also to increasing confidence in 

current research findings about the levels of larger MPs in drinking water from both raw water 

treatment facilities and commercial sources. 
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POTENTIAL IMPACTS OF ANTHROPOGENIC DEBRIS ON SEAFOOD SAFETY  

Since MPs have been detected in the aquatic food chain, popular narratives have advocated 

for addressing potential risks to human health, especially as the ingestion of MPs in 

commercial marine organisms is a prevalent phenomenon128. Anthropogenic MPs has been 

found in more than 25% of tested aquatic animals on the market, including fish and 

bivalves268. MPs have been found in mussels and oysters269, crayfish270, fish161,271,272, and 

seaweed64 suitable for human consumption (Figure 9). MPs have been detected in animals 

primarily harvested from the wild128, but there are early indications that MPs can be present 

in aquaculture or mariculture facilities56,268,273,274. 

These findings not only exemplify the pervasiveness of MP pollution but also highlight the 

need to increase our understanding of the pathways though which MPs are consumed by 

humans. This issue has also interested governments, the public and nongovernmental 

organizations worldwide56,268, highlighting it as an emerging issue. However, the direct 

presence of MPs in animals does not necessarily imply direct human exposure, as the 

digestive systems containing particles are often removed before consumption (for example, 

in fish)56. However, in smaller fish and invertebrates, the removal of MPs is not possible, 

inherently leading to MP exposure56,275. Nevertheless, the exposure to MPs via ingestion of 

mussels and shellfish is expected to be minimal, especially when contextualized and 

compared to airborne MPs from dust fallout during a meal276. 

In addition to direct ingestion of MPs by humans, concerns regarding the safety of consuming 

products has increased as MPs have been implicated in the accumulation of environmental 

toxicants and transfer to biota128 or the food chain277. These assumptions have not been 

confirmed as relevant in the context of food safety, and current knowledge about MP-

mediated chemical transfer is limited. Some evidence suggests that MPs can transfer 

pollutants to animals (under restricted laboratory conditions), but the chemical transfer of 

PBTs and plastic additives from MPs into biota is not predicted to exceed 0.1%56. Granby et 

al. (2017) found that MPs in feed given to seabass and salmon influenced the uptake of 

brominated flame retardants but that these effects did not influence the toxicokinetics of the 

compounds in nature, where uptake via natural food and water are expected to be much 

more significant278. According to some theoretical calculations, exposure to PCBs via the 

consumption of mussels is as low as 0.0001% of the daily intake established by the European 

Food Safety Authority (EFSA), and exposures to POPs mediated by MP desorption are 

negligible279. Similarly, chemical exposure to a common plastic additive (BPA) via 

consumption of seafood containing contaminated MPs is likely to be negligible compared to 

other exposure pathways260. Taken together, these findings suggest that the potential risks 

associated with chemical release from MPs into organisms consumed by humans are low. 

However, plastic additives (NP, BPA, and phthalates) have been detected in fresh seafood 

commodities, such as mussels, fish, and prawns220,280. Such findings indicate that organisms 

are exposed to plastic-derived chemicals and that such exposures may be associated with 

MPs but more likely are the result of exposure via water and prey. 
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On the other hand, it has also been proposed that MP-related chemical exposures can 

indirectly affect the safety of commercial fish products by enhancing the formation of 

hazardous substances in fish fillets or affect the oxidation stability of the fillets224. Additionally, 

the action of MPs as pathogen carriers (e.g., polyamide MPs in mussel farms) deserves 

further research281. While potential indirect impacts on the quality of edible products are likely, 

more studies are needed. 

With increasing concerns about the impacts of plastic pollution, questions regarding the 

potential impacts of MPs on seafood safety and suitability for human consumption will 

increase. Uncertainties, common to MPs (e.g., documentation, identification and 

quantification of MPs at the lowest size ranges; presence of NNPs; and chemical exposures) 

prevail in the context of seafood contamination by MPs. Currently, there is too little 

information to confidently assess the risk for human consumption. According to an EFSA 

report (2016), toxicity and toxicokinetic data on MPs and NNPs in food (not limited to sea 

products) are lacking and are insufficient to support risk assessment282. Analytical methods 

for the detection and quantification of plastic particles (MPs, but especially NNPs) in food are 

needed for the quantification of exposures279 as well as an increased understanding of the 

potential effects and toxicokinetics in the human gastrointestinal tract. 

Furthermore, the identification of sources of MPs in different world regions and the 

establishment of management strategies268 are called for. Expanding knowledge about the 

presence of MPs in seafood products on the market beyond the most commonly used fish 

and shellfish species will aid in risk assessment and provide guidance for mitigation efforts. 

Moreover, regarding the potential impacts of (micro)plastics on food safety, the leakage of 

chemicals during food processing and packaging needs to be investigated16,224. 

 

Figure 9. Illustration depicting the occurrence of MPs in the marine food web (Data source and 

graphics: Carbery et al., 2018). 
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RISKS FROM A SOCIOECOLOGICAL PERSPECTIVE AND RISK PERCEPTION 

As we have described above, work by the scientific community is steadily increasing 

knowledge concerning the effects of MPs on individuals of species inhabiting numerous 

niches as well as on ecosystems. However, our understanding of the occurrence, fate and 

consequences of plastics in the environment is still limited, as is our ability to perform proper 

assessments of the risks posed by these materials. This lack of understanding has promoted 

a call for the treatment of marine plastic as a planetary boundary threat283, as marine plastics 

have been identified as having the potential to cross precautionary boundaries meant to 

identify a safe operating space for humanity or to avoid shifts in Earth system functioning284. 

MPs are an irreversible contaminant displaying global ubiquity and should therefore be 

treated using the precautionary principle. 

Societal awareness of environmental problems associated with plastics is widespread, and 

the increasing media attention is likely due to the pervasiveness, visibility and relatability of 

the problem. Media coverage of plastic- or MP-related issues is correlated with the increasing 

number of scientific publications. A recent study in Germany found that media articles 

focusing on MPs shifted the framing of the threat from a distant and indistinct marine problem 

to a discussion focused on the occurrence of MPs in local waters or food and drink64. Further, 

media analysis highlights an existing discrepancy between public risk perception and 

scientific findings described in the scientific literature285. 

While frameworks for calculating risks are well established in the scientific community, 

perception of risk is more complicated. The risk narrative is based on hypotheses and not 

established facts, granting fear, anger, etc., and leading to misinterpretation of scientific 

findings based on superficial knowledge. The risks of MPs may be exaggerated by the media 

as journalists dwell on uncertainties and knowledge gaps, introducing biases for more 

scandalous headlines. One example is the recent articles about the findings of MPs in human 

feces (e.g., a report from SVT) based on a non-peer-reviewed report from conference 

proceedings, where methodologies and sample sizes were not available for examination. 

This lack of peer review renders this type of communication virtually useless, as it does not 

account for methodological contamination or provide a frame of reference for the findings. 

Indeed, one of greatest challenges for scientists communicating research results lies in 

contextualizing findings without trivializing the complex plastic pollution problem260. As a 

result, human exposure to and effects of MPs are currently understudied. 

Nevertheless, the framing of risk perception as something opposed to risk assessment 

assumes that beliefs among the general public are shaped by bias, prior beliefs and 

knowledge (or lack thereof) and previous personal experiences286. The public opinions 

expressed should, however, not be seen purely as an opportunity to engage in scientific 

outreach and communication as a means to diminish the information gap. The differences 

between risk assessment and perception may instead represent the framing of a risk or 

problem that differs from purely scientific questions and takes into account societal 

inequalities, historical events and governmental policy practices287. 
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The media can influence the spread of knowledge, which in some cases can lead to the 

establishment of new social norms and pro-environmentalism, including support for new 

policy action. For example, recognizing the impact of plastic waste on megafauna in marine 

environments, numerous countries and regions around the world have introduced market-

based strategies and policies (bans, taxes or fees) related to single-use plastic carrier bags 

or microbeads in facewash and cosmetics288. However, as the authors note, few studies 

evaluate the effectiveness of these activities in mitigating problems, and strategies for 

implementation and monitoring are important. 

Additionally, the relationships between pro-environmental behaviors and policy support are 

not clear and are in some cases negative289. Thus, while norms can positively affect policy, 

individuals who actively exhibit low-cost, pro-environmental behaviors (such as avoiding the 

use of plastic bags) do not always demonstrate positive spillover and support for pro-

environmental policies. The opposite is also considered in the literature; implementations of 

new policies can induce new social norms that are pro-environmental, although this 

relationship is not linear. This relationship is complicated by factors including the strengths of 

existing norms (health, safety, and antilittering), levels of policy jurisdiction (local, regional, 

national, and international), the influence of plastics industries in different regions, materials 

interests and the manufacturing economy290. The popularity of nudge theory has led to 

attempts to apply these interventions to behavioral economics and decision making regarding 

plastics and the use of noncoercive strategies to induce change, both in norms and 

behavior291. Rivers et al. (2017) showed that while nudging had a limited impact on the use 

of reusable bags, other factors including social groups and economic status confounded the 

results292. 

Importantly, as argued by Wagner, individual actions, like recycling or choosing not to use 

plastic carrier bags, may not be effective in combating environmental decline293. Many of the 

problems we face today are beyond the scope of the individual, and will require massive 

restructuring on a societal level and international collaboration. This is realized in the push 

for industries to change their practices, become active in technological advancements, and 

in producing plastics that will enable for the incorporation into material flows in a circular 

economy15. 
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SUMMARIZING REMARKS 

Microplastics are recognized as an emerging wide-spread contaminants in natural 

ecosystems. MPs are detected everywhere, however the global abundance and distribution 

of MPs is currently is known to larger-sized particles. Our current knowledge is rather limited 

about exposures to relatively small MPs, which are currently exempted from environmental 

monitoring, due to lacking technological and analytical tools. Quantitatively resolving spatial 

and temporal distribution of smaller micro-size fractions or NNPs in complex environmental 

matrices, is immanently needed to increase our understanding about prevalence and 

distribution of these particles and subsequent estimation of exposure levels to biota.  

Ever-growing number of studies have demonstrated potential of MPs to inflict 

(eco)toxicological effects on biota, and depict impacts caused either from direct (particle) 

exposure, or exposure to plastic-associated chemicals (i.e. additives or chemicals absorbed 

onto MPs). The majority of negative effects that are reported in association with MPs 

exposure detect effects on molecular-cellular and organismal level. Many of studies that grant 

our understanding about potential consequences of MPs are derived from short-term acute 

exposures with unrealistically high exposures of MPs or performed in artificial test conditions, 

and provide us essential information on mechanisms and pathways in which MPs interact 

with biota. However, these findings entail precautionary principal and forecast “worse-case” 

scenarios, which may not prevail in the natural environment and may not translate to impacts 

on ecological communities or ecosystems. 

Laboratory studies demonstrate sub-micron MPs and NNPs uptake and accumulation in a 

wide range of organisms 24,105,231 and prompt towards the high likelihood for toxicological 

effects on biota, compared to larger plastic particles, which have limited uptake and 

translocation. Potential of such particles to cause harm and adversity in natural environment 

are unknown and remain one of the main (eco)toxicological concerns and require future 

investigations. Apart from small size, hazard potential (micro)plastics is also associated with 

chemical content (additives, monomers), which are biochemically active and can commence 

potential toxicity (i.e. oxidative stress, endocrine disruption) after leaching from synthetic 

polymer material. The toxicity mediated via ab/adsorbed environmental contaminants onto 

MPs (so-called vector effects) is expected to be of minor importance for subsequent 

toxicological effects and bioaccumulation of these chemicals in organisms. 

Up-to this day, the global ambient abundance and distribution of MPs is considered to be low, 

predicting minimal exposures, thus impacts on biota. Current risk predictions are at its 

infancy, based on fragmented information, hampered by uncertainties, thus do not 

comprehensively assess ecological risks, associated with MPs exposures. Refinement of 

information about environmental MPs exposures, as well as associated impacts (across 

multiple levels of biological complexity) is vital for improving risk assessment of MPs, allowing 

us to adequately grasp the full-extent of potential consequences and impacts of (micro)plastic 

pollution.   
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It has been demonstrated that MPs interact with various organisms from different trophic 

levels, facilitating their entrance to (aquatic) food webs, also reaching humans, top 

consumers. This raise concerns about the potential risks not only to organisms directly 

ingesting them, but also for potential of these particles accumulate and biomagnify in the food 

chains. While, interactions, pathways and potential implications of MPs entering aquatic food 

chains are being investigated, involvement of various stakeholders (i.e. research, 

governmental, private and public sectors) is observed, not only raising the awareness and 

interest in this issue, but also setting monitoring and mitigation measures.  

  



 
56 

AKNOWLEDGEMENTS 

The authors are thankful to Dr. Agathe Bour for reviewing this report and providing 

feedback. We would also like to acknowledge Marine Litter Vital Graphics (GRID Arendal, 

Author: Riccardo Pravettoni) and Anne-Charlotte Hanning at RISE for the possibility to use 

illustrations for this report.  

Source: https://www.grida.no/resources/6933 (2018-12-18). 

 

 

REFERENCES 

 

(1)  PlasticsEurope. Plastics – the Facts 2016. 2016. 
(2)  Strungaru, S. A.; Jijie, R.; Nicoara, M.; Plavan, G.; Faggio, C. Micro- (Nano) Plastics in 

Freshwater Ecosystems: Abundance, Toxicological Impact and Quantification Methodology. 
TrAC - Trends Anal. Chem. 2019, 110, 116–128. 

(3)  Lithner, D.; Larsson, A.; Dave, G. Environmental and Health Hazard Ranking and 
Assessment of Plastic Polymers Based on Chemical Composition. Sci. Total Environ. 2011, 
409 (18), 3309–3324. 

(4)  PlasticsEurope. Plastics - the Facts 2017. 2017. 
(5)  Plastics Europe. Plastics - the Facts 2015. 2015. 
(6)  Richard, D., L. Ocean Pollution. New York Times 1973, 265–279. 
(7)  Jambeck, J. R.; Geyer, R.; Wilcox, C.; Siegler, T. R.; Perryman, M.; Andrady, A.; Narayan, 

R.; Law, K. L. Plastic Waste Inputs from Land into the Ocean. Science (80-. ). 2015, 347 
(6223), 768–771. 

(8)  Geyer, R.; Jambeck, J. R.; Law, K. L. Production, Use, and Fate of All Plastics Ever Made. 
Sci. Adv. 2017, 3 (July), 25–29. 

(9)  Eriksen, M.; Lebreton, L. C. M.; Carson, H. S.; Thiel, M.; Moore, C. J.; Borerro, J. C.; Galgani, 
F.; Ryan, P. G.; Reisser, J. Plastic Pollution in the World’s Oceans: More than 5 Trillion 
Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS One 2014, 9 (12), 1–15. 

(10)  Schmidt, C.; Krauth, T.; Wagner, S. Export of Plastic Debris by Rivers into the Sea. Environ. 
Sci. Technol. 2017, 51 (21), 12246–12253. 

(11)  Lebreton, L. C. M.; Van Der Zwet, J.; Damsteeg, J. W.; Slat, B.; Andrady, A.; Reisser, J. 
River Plastic Emissions to the World’s Oceans. Nat. Commun. 2017, 8, 1–10. 

(12)  UNEP. Marine Plastic Debris and Microplastics. Global Lessons and Research to Inspire 
Action and Guide Policy Change. 2016. 

(13)  OSPAR Commision https://www.ospar.org/. 
(14)  International Organisation of Standartization https://www.iso.org/obp/ui . 
(15)  Ellen Macarthur Foundation. The New Plastics Economy. Phys. Rev. B - Condens. Matter 

Mater. Phys. 2017, 1–64. 
(16)  Groh, K. J.; Backhaus, T.; Carney-Almroth, B.; Geueke, B.; Inostroza, P. A.; Lennquist, A.; 

Leslie, H. A.; Maffini, M.; Slunge, D.; Trasande, L.; et al. Overview of Known Plastic 
Packaging-Associated Chemicals and Their Hazards. Sci. Total Environ. 2019, 651, 3253–
3268. 

(17)  Rochman, C. M.; Browne, M. A.; Halpern, B. S.; Hentschel, B. T.; Hoh, E.; Karapanagioti, H. 
K.; Rios-Mendoza, L. M.; Takada, H.; Teh, S.; Thompson, R. C. Policy: Classify Plastic 
Waste as Hazardous. Nature 2013, 494 (7436), 169–171. 

(18)  Vert, M.; Doi, Y.; Hellwich, K.H.; Hess, M.; Hodge, P.; Kubisa, P.; Rinaudo, M. . S. F. 
Terminology for Biorelated Polymers and Applications (IUPAC Recommendations 2012). 

https://www.grida.no/resources/6933


 
57 

Pure Appl. Chem. 2012, 84 (1), 377–408. 
(19)  Clara, Rosalía, Álvarez-Chávez; Sally, Edwards; Rafael, Moure-Eraso; Kenneth, G. 

Sustainability of Bio-Based Plastics: General Comparative Analysis and Recommendations 
for Improvement. Proc. Int. Conf. Electron. Bus. 2010, 23 (1), 131–140. 

(20)  Emadian, S. M.; Onay, T. T.; Demirel, B. Biodegradation of Bioplastics in Natural 
Environments. Waste Manag. 2017, 59, 526–536. 

(21)  Thompson, R. C.; Olsen, Y.; Mitchell, R. P.; Davis, A.; Rowland, S. J.; John, A. W. G.; 
McGonigle, D.; Russell, A. E. Lost at Sea: Where Is All the Plastic? Science 2004, 304 
(5672), 838. 

(22)  GESAMP. Sources, Fate and Effects of Microplastics in the Marine Environment: A Global 
Assessment. 2015. 

(23)  Gigault, J.; Pedrono, B.; Maxit, B.; Ter Halle, A. Marine Plastic Litter: The Unanalyzed Nano-
Fraction. Environ. Sci. Nano 2016, 3 (2), 346–350. 

(24)  Frias, J. P. G. L.; Nash, R. Microplastics: Finding a Consensus on the Definition. Mar. Pollut. 
Bull. 2019, 138, 145–147. 

(25)  Hüffer, T.; Praetorius, A.; Wagner, S.; Von Der Kammer, F.; Hofmann, T. Microplastic 
Exposure Assessment in Aquatic Environments: Learning from Similarities and Differences to 
Engineered Nanoparticles. Environ. Sci. Technol. 2017, 51, 2499–2507. 

(26)  da Costa, J. P.; Santos, P. S. M.; Duarte, A. C.; Rocha-Santos, T. (Nano)Plastics in the 
Environment - Sources, Fates and Effects. Science of the Total Environment. Elsevier B.V. 
2016, pp 15–26. 

(27)  Galgani, F.; Fleet, D.; Van Franeker, J.; Katsanevakis, S.; Maes, T.; Mouat, J.; Oosterbaan, 
L.; Poitou, I.; Hanke, G.; Thompson, R.; et al. Marine Strategy Framework Directive: Task 
Group 10 Report Marine Litter; 2010. 

(28)  Gigault, J.; Halle, A. ter; Baudrimont, M.; Pascal, P. Y.; Gauffre, F.; Phi, T. L.; El Hadri, H.; 
Grassl, B.; Reynaud, S. Current Opinion: What Is a Nanoplastic? Environ. Pollut. 2018, 235, 
1030–1034. 

(29)  Besseling, E.; Wang, B.; Lu, M.; Koelmans, A. a. Nanoplastic Affects Growth of S. Obliquus 
and Reproduction of D. Magna. Environ. Sci. Technol. 2014, 48, 12336–12343. 

(30)  Mattsson, K.; Ekvall, M. T.; Hansson, L.-A.; Linse, S.; Malmendal, A.; Cedervall, T. Altered 
Behavior, Physiology, and Metabolism in Fish Exposed to Polystyrene Nanoparticles. 
Environ. Sci. Technol. 2015, 49 (1), 553–561. 

(31)  Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Galloway, T. S. The Impact of Polystyrene 
Microplastics on Feeding, Function and Fecundity in the Marine Copepod Calanus 
Helgolandicus. 2015, 49, 1130–1137. 

(32)  Lambert, S.; Wagner, M. Characterisation of Nanoplastics during the Degradation of 
Polystyrene. Chemosphere 2016, 145, 265–268. 

(33)  Ter Halle, A.; Jeanneau, L.; Martignac, M.; Jardé, E.; Pedrono, B.; Brach, L.; Gigault, J. 
Nanoplastic in the North Atlantic Subtropical Gyre. Environ. Sci. Technol. 2017, 51 (23), 
13689–13697. 

(34)  Cole, M.; Lindeque, P.; Halsband, C.; Galloway, T. S. Microplastics as Contaminants in the 
Marine Environment: A Review. Mar. Pollut. Bull. 2011, 62 (12), 2588–2597. 

(35)  Gewert, B.; Plassmann, M.; Sandblom, O.; Macleod, M. Identification of Chain Scission 
Products Released to Water by Plastic Exposed to Ultraviolet Light. Environ. Sci. Technol. 
Lett. 2018, 5 (5), 272–276. 

(36)  Brandon, J.; Goldstein, M.; Ohman, M. D. Long-Term Aging and Degradation of Microplastic 
Particles: Comparing in Situ Oceanic and Experimental Weathering Patterns. Mar. Pollut. 
Bull. 2016, 110 (1), 299–308. 

(37)  Eerkes-Medrano, D.; Thompson, R. Occurrence, Fate, and Effect of Microplastics in 
Freshwater Systems; Elsevier Inc., 2018. 

(38)  International Pellet Watch http://www.pelletwatch.org/. 
(39)  Phillips, M. B.; Bonner, T. H. Occurrence and Amount of Microplastic Ingested by Fishes in 

Watersheds of the Gulf of Mexico. Mar. Pollut. Bull. 2015, 100 (1), 264–269. 
(40)  Moore, C. J. Synthetic Polymers in the Marine Environment: A Rapidly Increasing, Long-

Term Threat. Environ. Res. 2008, 108 (2), 131–139. 



 
58 

(41)  Henry, B.; Laitala, K.; Klepp, I. G. Microfibres from Apparel and Home Textiles: Prospects for 
Including Microplastics in Environmental Sustainability Assessment. Sci. Total Environ. 2019, 
652, 483–494. 

(42)  Galloway, T. S.; Cole, M.; Galloway, T. S.; Cole, M.; Lewis, C. Interactions of Microplastic 
Debris throughout the Marine Ecosystem. Nat. Publ. Gr. 2017, 1, 1–8. 

(43)  Iyengar, S.; Massey, D. S. Scientific Communication in a Post-Truth Society. Proc. Natl. 
Acad. Sci. 2018, 1–6. 

(44)  Bonanno, G.; Orlando-Bonaca, M. Ten Inconvenient Questions about Plastics in the Sea. 
Environ. Sci. Policy 2018, 85, 146–154. 

(45)  Carpenter, E.; Andersson, S.; Harvey, G.; Miklas, H., Peck, B. Polystyrene Spherules in 
Coastal Waters. Science 1972, 178 (4062), 749–750. 

(46)  Gregory, M. R. Plastic Pellets on New Zealand Beaches. Mar. Pollut. Bull. 1977, 8 (4), 82–84. 
(47)  Carpenter, E. J.; Smith, K. L. Plastics on the Sargasso Sea Surface. Science (80-. ). 1972, 

175 (4027), 1240–1241. 
(48)  Arse, J.; Darnay, J. Throwaway Packages-a Mixed. Midwest Res. Institute, Washingt. DC 

1969, 3 (4), 333. 
(49)  Chris, Sherrington; Chiarina, Darrah;Simon, Hann; George, Cole; Mark, C. Study to Support 

the Development of Measures to Combat a Range of Marine Litter Sources. Rep. Eur. 
Comm. DG Environ. 2016, No. January. 

(50)  Eriksen, M.; Mason, S.; Wilson, S.; Box, C.; Zellers, A.; Edwards, W.; Farley, H.; Amato, S. 
Microplastic Pollution in the Surface Waters of the Laurentian Great Lakes. Mar. Pollut. Bull. 
2013, 77 (1–2), 177–182. 

(51)  Law, Kara, L.; Skye, Morét-Ferguson; Nikolai, A. Maximenko; Giora, Proskurowski; Emily, E. 
Peacock; Jan, Hafner; Christopher, M. R. Plastic Accumulation in the North Atlantic 
Subtropical Gyre. Environ. Sci. Technol 2010, 329, 1185–1188. 

(52)  Law, K.; Thompson, R. C. Microplastics in the Seas - Concern Is Rising about Widespread 
Contamination of the Marine Environment by Microplastics. Science (80-. ). 2014, 345 (6193), 
144–145. 

(53)  Kärrman, A.; Schönlau, C.; Engwall, M. Exposure and Effects of Microplastics on Wildlife A 
Review of Existing Data. Report 2016, 1–39. 

(54)  Wagner, M.; Lambert, S. Freshwater Microplastics. Emerging Environemental 
Contaminants?; 2018; Vol. 58. 

(55)  Karlsson, T. M.; Arneborg, L.; Broström, G.; Almroth, B. C.; Gipperth, L.; Hassellöv, M. The 
Unaccountability Case of Plastic Pellet Pollution. Mar. Pollut. Bull. 2018, 129 (1), 52–60. 

(56)  Amy, Lusher; Peter, Hollman; Jeremy, M.-H. F. and A. O. of the U. N. Microplastics in 
Fisheries and Aquaculture: Status of Knowledge on Their Occurrence and Implications for 
Aquatic Organisms and Food Safety; 2017. 

(57)  Magnusson, K.; Eliasson, K.; Fråne, A.; Haikonen, K. Swedish Sources and Pathways for 
Microplastics to the Marine Environment. A Rev. Exist. data. 2016, No. C 183, 1–188. 

(58)  Pieter, Jan, Kole; Ansje, J., Löhr; Frank, G., A., J., Van Belleghem; Ad, M., J., R. Wear and 
Tear of Tyres: A Stealthy Source of Microplastics in the Environment. Int. J. Environ. Res. 
Public Health 2017, 14 (1265), 1–31. 

(59)  Browne, M. A.; Crump, P.; Niven, S. J.; Teuten, E.; Tonkin, A.; Galloway, T.; Thompson, R. 
Accumulation of Microplastic on Shorelines Woldwide: Sources and Sinks. Environ. Sci. 
Technol 2011, 45, 9175–9179. 

(60)  De Falco, F.; Gullo, M. P.; Gentile, G.; Di Pace, E.; Cocca, M.; Gelabert, L.; Brouta-Agnésa, 
M.; Rovira, A.; Escudero, R.; Villalba, R.; et al. Evaluation of Microplastic Release Caused by 
Textile Washing Processes of Synthetic Fabrics. Environ. Pollut. 2018, 236, 916–925. 

(61)  Carney Almroth, B. M.; Åström, L.; Roslund, S.; Petersson, H.; Johansson, M.; Persson, N. K. 
Quantifying Shedding of Synthetic Fibers from Textiles; a Source of Microplastics Released 
into the Environment. Environ. Sci. Pollut. Res. 2018, 25 (2), 1191–1199. 

(62)  Magnusson, K.; Norén, F. Screening of Microplastic Particles in and Down-Stream a 
Wastewater Treatment Plant. 2014, No. Number C 55. 

(63)  Mintenig, S. M.; Int-Veen, I.; L??der, M. G. J.; Primpke, S.; Gerdts, G. Identification of 
Microplastic in Effluents of Waste Water Treatment Plants Using Focal Plane Array-Based 



 
59 

Micro-Fourier-Transform Infrared Imaging. Water Res. 2017, 108, 365–372. 
(64)  Baztan, J.; Bergmann, M.; Carrasco, A.; Fossi, C.; Jorgensen, B.; Miguelez, A.; Pahl, S.; 

Thompson, R. C. MICRO 2018: Fate and Impact of Microplastics : Knowledge, Actions and 
Solutions; 2018. 

(65)  Martin, Hassellöv, Therese, Karlsson, Kalle, H. Marint Mikroskopiskt Skräp Längs 
Bohuskusten 2015 - i Jämförelse Med Tidigare Studier 2013 & 2014. 

(66)  Norén, F. Small Plastic Particles in Coastal Swedish Waters. N-Research 2007, No. 0, 1–11. 
(67)  He, D.; Luo, Y.; Lu, S.; Liu, M.; Song, Y.; Lei, L. Microplastics in Soils: Analytical Methods, 

Pollution Characteristics and Ecological Risks. TrAC - Trends Anal. Chem. 2018, 109, 163–
172. 

(68)  Hidalgo-Ruz, V.; Gutow, L.; Thompson, R. C.; Thiel, M. Microplastics in the Marine 
Environment: A Review of the Methods Used for Identification and Quantification. Environ. 
Sci. Technol. 2012, 46 (6), 3060–3075. 

(69)  Lusher, A. L.; Welden, N. A.; Sobral, P.; Cole, M. Sampling, Isolating and Identifying 
Microplastics Ingested by Fish and Invertebrates. Anal. Methods 2017, 9 (9), 1346–1360. 

(70)  Karlsson, T. M.; Vethaak, A. D.; Almroth, B. C.; Ariese, F.; van Velzen, M.; Hassellöv, M.; 
Leslie, H. A. Screening for Microplastics in Sediment, Water, Marine Invertebrates and Fish: 
Method Development and Microplastic Accumulation. Mar. Pollut. Bull. 2017, 122 (1–2), 403–
408. 

(71)  Cole, M.; Webb, H.; Lindeque, P. K.; Fileman, E. S.; Halsband, C.; Galloway, T. S. Isolation 
of Microplastics in Biota-Rich Seawater Samples and Marine Organisms. Sci. Rep. 2014, 4, 
1–8. 

(72)  Bläsing, M.; Amelung, W. Plastics in Soil: Analytical Methods and Possible Sources. Sci. 
Total Environ. 2018, 612, 422–435. 

(73)  Gerdts, M. G. J. L. and G. Methodology Used for the Detection and Identification of 
Microplastics—A Critical Appraisal. In Marine Anthropogenic Litter; 2015; pp 1–447. 

(74)  Lenz, R.; Enders, K.; Gissel, T. Microplastic Exposure Studies Should Be Environmentally 
Realistic. 2016, 113 (29), e4121–e4122. 

(75)  Song, Y. K.; Hong, S. H.; Jang, M.; Han, G. M.; Rani, M.; Lee, J.; Shim, W. J. A Comparison 
of Microscopic and Spectroscopic Identification Methods for Analysis of Microplastics in 
Environmental Samples. Mar. Pollut. Bull. 2015, 93 (1–2), 202–209. 

(76)  Cozar, A.; Echevarria, F.; Gonzalez-Gordillo, J. I.; Irigoien, X.; Ubeda, B.; Hernandez-Leon, 
S.; Palma, A. T.; Navarro, S.; Garcia-de-Lomas, J.; Ruiz, A.; et al. Plastic Debris in the Open 
Ocean. Proc. Natl. Acad. Sci. 2014, 111 (28), 10239–10244. 

(77)  Magnusson, K.; Norén, F.; Swedish, I. V. L. Screening of Microplastic Particles in and Down-
Stream a Wastewater Treatment Plant. 2014, No. C 55, 1–22. 

(78)  Anne Marie Mahon, Brendan O’ Connell, Mark G. Healy, Ian O’Connor, Rick Officer, Roisín 
Nash,  and L. M. Microplastics in Sewage Sludge: Effects of Treatment. J. Am. Psychoanal. 
Assoc. 2016, 26 (3), 641–658. 

(79)  Duis, K.; Coors, A. Microplastics in the Aquatic and Terrestrial Environment : Sources ( with a 
Specific Focus on Personal Care Products ), Fate and Effects. Environ. Sci. Eur. 2016. 

(80)  Gewert, B.; Ogonowski, M.; Barth, A.; MacLeod, M. Abundance and Composition of near 
Surface Microplastics and Plastic Debris in the Stockholm Archipelago, Baltic Sea. Mar. 
Pollut. Bull. 2017, 120 (1–2), 292–302. 

(81)  Enders, K.; Lenz, R.; Stedmon, C. A.; Nielsen, T. G. Abundance, Size and Polymer 
Composition of Marine Microplastics ≥10 Μm in the Atlantic Ocean and Their Modelled 
Vertical Distribution. Mar. Pollut. Bull. 2015, 100 (1), 70–81. 

(82)  Ballent, A.; Pando, S.; Purser, A.; Juliano, M. F.; Thomsen, L. Modelled Transport of Benthic 
Marine Microplastic Pollution in the Nazaré Canyon. Biogeosciences 2013, 10 (12), 7957–
7970. 

(83)  Porter, A.; Lyons, B. P.; Galloway, T. S.; Lewis, C. Role of Marine Snows in Microplastic Fate 
and Bioavailability. Environ. Sci. Technol. 2018, 52 (12), 7111–7119. 

(84)  Näkki, P.; Setälä, O.; Lehtiniemi, M. Bioturbation Transports Secondary Microplastics to 
Deeper Layers in Soft Marine Sediments of the Northern Baltic Sea. Mar. Pollut. Bull. 2017, 
119 (1), 255–261. 



 
60 

(85)  Isobe, A.; Uchiyama-Matsumoto, K.; Uchida, K.; Tokai, T. Microplastics in the Southern 
Ocean. Mar. Pollut. Bull. 2017, 114 (1), 623–626. 

(86)  Lima, A. R. A.; Barletta, M.; Costa, M. F. Seasonal Distribution and Interactions between 
Plankton and Microplastics in a Tropical Estuary. Estuar. Coast. Shelf Sci. 2015, 165 (May), 
213–225. 

(87)  Veerasingam, S.; Saha, M.; Suneel, V.; Vethamony, P.; Rodrigues, A. C.; Bhattacharyya, S.; 
Naik, B. G. Characteristics, Seasonal Distribution and Surface Degradation Features of 
Microplastic Pellets along the Goa Coast, India. Chemosphere 2016, 159, 496–505. 

(88)  Jahnke, A.; Arp, H. P. H.; Escher, B. I.; Gewert, B.; Gorokhova, E.; Kühnel, D.; Ogonowski, 
M.; Potthoff, A.; Rummel, C.; Schmitt-Jansen, M.; et al. Reducing Uncertainty and 
Confronting Ignorance about the Possible Impacts of Weathering Plastic in the Marine 
Environment. Environ. Sci. Technol. Lett. 2017, 4 (3), 85–90. 

(89)  Gewert, B.; Plassmann, M. M.; MacLeod, M. Pathways for Degradation of Plastic Polymers 
Floating in the Marine Environment. Environ. Sci. Process. Impacts 2015, 17 (9), 1513–1521. 

(90)  Mattsson, K.; Hansson, L. A.; Cedervall, T. Nano-Plastics in the Aquatic Environment; 
Elsevier Inc., 2015; Vol. 17. 

(91)  Mintenig, S. M.; Bäuerlein, P. S.; Koelmans, A. A.; Dekker, S. C.; Van Wezel, A. P. Closing 
the Gap between Small and Smaller: Towards a Framework to Analyse Nano- and 
Microplastics in Aqueous Environmental Samples. Environ. Sci. Nano 2018, 5 (7), 1640–
1649. 

(92)  Kwon, B. G.; Koizumi, K.; Chung, S. Y.; Kodera, Y.; Kim, J. O.; Saido, K. Global Styrene 
Oligomers Monitoring as New Chemical Contamination from Polystyrene Plastic Marine 
Pollution. J. Hazard. Mater. 2015, 300, 359–367. 

(93)  Gewert, B.; Plassmann, M. M.; Macleod, M. Pathways for Degradation of Plastic Polymers 
Floating in the Marine Environment. Environ. Sci. Process. Impacts 2015, 17 (9), 1513–1521. 

(94)  Paluselli, A.; Aminot, Y.; Galgani, F.; Net, S.; Sempéré, R. Occurrence of Phthalate Acid 
Esters (PAEs) in the Northwestern Mediterranean Sea and the Rhone River. Prog. Oceanogr. 
2018, 163, 221–231. 

(95)  Zettler, E. R.; Mincer, T. J.; Amaral-Zettler, L. A. Life in the “Plastisphere”: Microbial 
Communities on Plastic Marine Debris. Environ. Sci. Technol. 2013, 47 (13), 7137–7146. 

(96)  Tracy J. Mincer, Erik R. Zettler,  and L. A. A.-Z. Biofilms on Plastic Debris and Their Influence 
on Marine Nutrient Cycling, Productivity, and Hazardous Chemical Mobility. Int. Rev. Allergol. 
Clin. Immunol. 2014, 20 (2), 95–100. 

(97)  Yang, Y.; Yang, J.; Wu, W.-M.; Zhao, J.; Song, Y.; Gao, L.; Yang, R.; Jiang, L. 
Biodegradation and Mineralization of Polystyrene by Plastic-Eating Mealworms: Part 2. Role 
of Gut Microorganisms. Environ. Sci. Technol. 2015, 49 (20), 12087–12093. 

(98)  Brennecke, D.; Duarte, B.; Paiva, F.; Caçador, I.; Canning-Clode, J. Microplastics as Vector 
for Heavy Metal Contamination from the Marine Environment. Estuar. Coast. Shelf Sci. 2016, 
178, 189–195. 

(99)  Mato, Y.; Isobe, T.; Takada, H.; Kanehiro, H.; Ohtake, C.; Kaminuma, T. Plastic Resin Pellets 
as a Transport Medium for Toxic Chemicals in the Marine Environment. Environ. Sci. 
Technol. 2001, 35 (2), 318–324. 

(100)  Hirai, H.; Takada, H.; Ogata, Y.; Yamashita, R.; Mizukawa, K.; Saha, M.; Kwan, C.; Moore, 
C.; Gray, H.; Laursen, D.; et al. Organic Micropollutants in Marine Plastics Debris from the 
Open Ocean and Remote and Urban Beaches. Mar. Pollut. Bull. 2011, 62 (8), 1683–1692. 

(101)  Teuten, E. L.; Saquing, J. M.; Knappe, D. R. U.; Barlaz, M. A.; Jonsson, S.; Bjorn, A.; 
Rowland, S. J.; Thompson, R. C.; Galloway, T. S.; Yamashita, R.; et al. Transport and 
Release of Chemicals from Plastics to the Environment and to Wildlife. Philos. Trans. R. Soc. 
B Biol. Sci. 2009, 364 (1526), 2027–2045. 

(102)  Ziccardi, L. M.; Edgington, A.; Hentz, K.; Kulacki, K. J.; Driscoll, S. K. Microplastics as 
Vectors for Bioaccumulation of Hydrophobic Organic Chemicals in the Marine Environment: A 
State-of-the-Science Review. Environ. Toxicol. Chem. 2016, 35 (7), 1667–1676. 

(103)  Booij, K.; Robinson, C. D.; Burgess, R. M.; Mayer, P.; Roberts, C. A.; Ahrens, L.; Allan, I. J.; 
Brant, J.; Jones, L.; Kraus, U. R.; et al. Passive Sampling in Regulatory Chemical Monitoring 
of Nonpolar Organic Compounds in the Aquatic Environment. Environ. Sci. Technol. 2016, 50 



 
61 

(1), 3–17. 
(104)  Gouin, T.; Roche, N.; Lohmann, R.; Hodges, G. A Thermodynamic Approach for Assessing 

the Environmental Exposure of Chemicals Absorbed to Microplastic. Environ. Sci. Technol. 
2011, 45 (4), 1466–1472. 

(105)  Chelsea M. Rochman, Brian T. Hentschel, S. J. T. Long-Term Sorption of Metals Is Similar 
among Plastic Types: Implications for Plastic Debris in Aquatic Environments. PLoS One 
2014, 9 (1), e85433. 

(106)  Koelmans, A. A.; Bakir, A.; Burton, G. A.; Janssen, C. R. Microplastic as a Vector for 
Chemicals in the Aquatic Environment: Critical Review and Model-Supported Reinterpretation 
of Empirical Studies. Environ. Sci. Technol. 2016, 50 (7), 3315–3326. 

(107)  Beckingham, B.; Ghosh, U. Differential Bioavailability of Polychlorinated Biphenyls 
Associated with Environmental Particles: Microplastic in Comparison to Wood, Coal and 
Biochar. Environ. Pollut. 2017, 220, 150–158. 

(108)  Hüffer, T.; Hofmann, T. Sorption of Non-Polar Organic Compounds by Micro-Sized Plastic 
Particles in Aqueous Solution. Environ. Pollut. 2016, 214, 194–201. 

(109)  Teuten, E. L.; Rowland, S. J.; Galloway, T. S.; Thompson, R. C. Potential for Plastics to 
Transport Hydrophobic Contaminants. Environ. Sci. Technol. 2007, 41 (22), 7759–7764. 

(110)  Hartmann, N. B.; Rist, S.; Bodin, J.; Jensen, L. H.; Schmidt, S. N.; Mayer, P.; Meibom, A.; 
Baun, A. Microplastics as Vectors for Environmental Contaminants: Exploring Sorption, 
Desorption, and Transfer to Biota. Integr. Environ. Assess. Manag. 2017, 13 (3), 488–493. 

(111)  George, S. C.; Thomas, S. Transport Phenomena through Polymeric Systems. Prog. Polym. 
Sci. 2001, 26 (6), 985–1017. 

(112)  Lee, H.; Shim, W. J.; Kwon, J. H. Sorption Capacity of Plastic Debris for Hydrophobic Organic 
Chemicals. Sci. Total Environ. 2014, 470–471, 1545–1552. 

(113)  Rios Mendoza, L. M.; Karapanagioti, H.; Álvarez, N. R. Micro(Nanoplastics) in the Marine 
Environment: Current Knowledge and Gaps. Curr. Opin. Environ. Sci. Heal. 2018, 1, 47–51. 

(114)  Setälä, O.; Fleming-Lehtinen, V.; Lehtiniemi, M. Ingestion and Transfer of Microplastics in the 
Planktonic Food Web. Environ. Pollut. 2014, 185, 77–83. 

(115)  Cauwenberghe, L. Van; Claessens, M.; Vandegehuchte, M. B.; Janssen, C. R. Microplastics 
Are Taken up by Mussels ( Mytilus Edulis ) and Lugworms ( Arenicola Marina ) Living in 
Natural Habitats. Environ. Pollut. 2015, 199, 10–17. 

(116)  Nelms, S. E.; Galloway, T. S.; Godley, B. J.; Jarvis, D. S.; Lindeque, P. K. Investigating 
Microplastic Trophic Transfer in Marine Top Predators. Environ. Pollut. 2018, 238, 999–1007. 

(117)  Lusher, A. L.; Hernandez-Milian, G.; O’Brien, J.; Berrow, S.; O’Connor, I.; Officer, R. 
Microplastic and Macroplastic Ingestion by a Deep Diving, Oceanic Cetacean: The True’s 
Beaked Whale Mesoplodon Mirus. Environ. Pollut. 2015, 199, 185–191. 

(118)  Farrell, P.; Nelson, K. Trophic Level Transfer of Microplastic: Mytilus Edulis (L.) to Carcinus 
Maenas (L.). Environ. Pollut. 2013, 177, 1–3. 

(119)  Skjolding, L. M.; Ašmonaitė, G.; Jølck, R. I.; Andresen, T. L.; Selck, H.; Baun, A. An 
Assessment of the Importance of Exposure Routes to the Uptake and Internal Localisation of 
Fluorescent Nanoparticles in Zebrafish ( Danio Rerio ), Using Light Sheet Microscopy. 2017, 
11 (3), 351–359. 

(120)  Chae, Y.; An, Y. J. Current Research Trends on Plastic Pollution and Ecological Impacts on 
the Soil Ecosystem: A Review. Environ. Pollut. 2018, 240, 387–395. 

(121)  Desforges, J. P. W.; Galbraith, M.; Ross, P. S. Ingestion of Microplastics by Zooplankton in 
the Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol. 2015, 69 (3), 320–330. 

(122)  Au, S. Y.; Lee, C. M.; Weinstein, J. E.; van den Hurk, P.; Klaine, S. J. Trophic Transfer of 
Microplastics in Aquatic Ecosystems: Identifying Critical Research Needs. Integr. Environ. 
Assess. Manag. 2017, 13 (3), 505–509. 

(123)  Setälä, O.; Lehtiniemi, M.; Coppock, R.; Cole, M. Microplastics in Marine Food Webs. 
Microplastic Contam. Aquat. Environ. 2018, 339–363. 

(124)  Kolandhasamy, P.; Su, L.; Li, J.; Qu, X.; Jabeen, K.; Shi, H. Adherence of Microplastics to 
Soft Tissue of Mussels: A Novel Way to Uptake Microplastics beyond Ingestion. Sci. Total 
Environ. 2018, 610–611, 635–640. 

(125)  Skjolding, L. M.; I, A. G. J. R.; Baun, A.; Sturve, J. Uptake and Localization of Fluorescent 



 
62 

Labelled Nanoparticles in Living Crustaceans ( Daphnia Magna ) and Zebrafish ( Danio Rerio 
) Using Light Sheet Microscopy . 1–8. 

(126)  Watts, A. J. R.; Urbina, M. A.; Corr, S.; Lewis, C.; Galloway, T. S. Ingestion of Plastic Micro Fi 
Bers by the Crab Carcinus Maenas and Its E Ff Ect on Food Consumption and Energy 
Balance. 2015. 

(127)  Provencher, J. F.; Bond, A. L.; Avery-Gomm, S.; Borrelle, S. B.; Bravo Rebolledo, E. L.; 
Hammer, S.; Kühn, S.; Lavers, J. L.; Mallory, M. L.; Trevail, A.; et al. Quantifying Ingested 
Debris in Marine Megafauna: A Review and Recommendations for Standardization. Anal. 
Methods 2017, 9 (9), 1454–1469. 

(128)  Barboza, L. G. A.; Dick Vethaak, A.; Lavorante, B. R. B. O.; Lundebye, A. K.; Guilhermino, L. 
Marine Microplastic Debris: An Emerging Issue for Food Security, Food Safety and Human 
Health. Mar. Pollut. Bull. 2018, 133, 336–348. 

(129)  Provencher, J.; Bond, A.; Aver-Gomm, S.; Borrelle, S.; Bravo Rebolledo, E.; Hammer, S.; 
Kühn, S.; Lavers, J.; Mallory, M.; Trevail, A.; et al. Quantifying Ingested Debris in Marine 
Megafauna: A Review and Recommendations for Standardization. Anal. Methods 2016. 

(130)  Convention on Biological Diversity. Marine Debris: Understanding, Preventing and Mitigating 
the Significant Adverse Impacts on Marine and Coastal Biodiversity; 2016. 

(131)  Susanne Kühn, E. L. B. R. and J. A. van F. Deleterious Effects of Litter on Marine Life; 2015. 
(132)  Bour, A.; Avio, C. G.; Gorbi, S.; Regoli, F.; Hylland, K. Presence of Microplastics in Benthic 

and Epibenthic Organisms: Influence of Habitat, Feeding Mode and Trophic Level. Environ. 
Pollut. 2018, 243, 1217–1225. 

(133)  Scherer, C.; Brennholt, N.; Reifferscheid, G.; Wagner, M. Feeding Type and Development 
Drive the Ingestion of Microplastics by Freshwater Invertebrates. Sci. Rep. 2017, No. 7491, 
1–9. 

(134)  Ryan, P. G. Ingestion of Plastics by Marine Organisms. In Hazardous Chemicals Associated 
with Plastics in the Marine Environment. The Handbook of Environmental Chemistry; 2016; 
Vol. 78, pp 235–266. 

(135)  Carson, H. S. The Incidence of Plastic Ingestion by Fishes: From the Prey’s Perspective. 
Mar. Pollut. Bull. 2013, 74 (1), 170–174. 

(136)  Reisser, Julia, Proietti, Maira, Shaw, Jeremy, P. C. Ingestion of Plastics at Sea:Does Debris 
Size Really Matter? Environ. Sci. Technol. 2014, 47 (12), 6646–6655. 

(137)  Galloway, T. S.; Cole, M.; Galloway, T. S.; Cole, M.; Lewis, C. Interactions of Microplastic 
Debris throughout the Marine Ecosystem. Nat. Publ. Gr. 2017, 1 (April), 1–8. 

(138)  Derraik, J. G. B. The Pollution of the Marine Environment by Plastic Debris: A Review. Mar. 
Pollut. Bull. 2002, 44 (9), 842–852. 

(139)  de Sá, L. C.; Luís, L. G.; Guilhermino, L. Effects of Microplastics on Juveniles of the Common 
Goby (Pomatoschistus Microps): Confusion with Prey, Reduction of the Predatory 
Performance and Efficiency, and Possible Influence of Developmental Conditions. Environ. 
Pollut. 2015, 196, 359–362. 

(140)  Procter, J.; Hopkins, F. E.; Fileman, E. S.; Lindeque, P. K. Smells Good Enough to Eat: 
Dimethyl Sulfide (DMS) Enhances Copepod Ingestion of Microplastics. Mar. Pollut. Bull. 
2019, 138 (July 2018), 1–6. 

(141)  Savoca, D.; Arculeo, M.; Barreca, S.; Buscemi, S.; Caracappa, S.; Gentile, A.; Persichetti, M. 
F.; Pace, A. Chasing Phthalates in Tissues of Marine Turtles from the Mediterranean Sea. 
Mar. Pollut. Bull. 2018, 127 (July 2017), 165–169. 

(142)  Savoca, M. S.; Tyson, C. W.; Mcgill, M.; Slager, C. J. Odours from Marine Plastic Debris 
Induce Food Search Behaviours in a Forage Fish. 2017. 

(143)  Savoca, M. S.; Wohlfeil, M. E.; Ebeler, S. E.; Nevitt, G. A. Marine Plastic Debris Emits a 
Keystone Infochemical for Olfactory Foraging Seabirds. Sci. Adv. 2016, 2 (11), e1600395–
e1600395. 

(144)  Browne, M. A.; Dissanayake, A.; Galloway, T. S.; Lowe, D. M.; Thompson, R. C. Ingested 
Microscopic PlasticTranslocates to the Circulatory System of the Mussel, Mytilus Edulis (L.). 
Environ. Sci. Technol 2008, 42 (13), 5026–5031. 

(145)  Eerkes-Medrano, D.; Leslie, H. A.; Quinn, B. Microplastics in Drinking Water: A Review and 
Assessment of an Emerging Concern. Curr. Opin. Environ. Sci. Heal. 2018. 



 
63 

(146)  Jeong, C.-B.; Kang, H.-M.; Lee, M.-C.; Kim, D.-H.; Han, J.; Hwang, D.-S.; Souissi, S.; Lee, 
S.-J.; Shin, K.-H.; Park, H. G.; et al. Adverse Effects of Microplastics and Oxidative Stress-
Induced MAPK/Nrf2 Pathway-Mediated Defense Mechanisms in the Marine Copepod 
Paracyclopina Nana. Sci. Rep. 2017, 7 (1), 41323. 

(147)  Jeong, C. B.; Won, E. J.; Kang, H. M.; Lee, M. C.; Hwang, D. S.; Hwang, U. K.; Zhou, B.; 
Souissi, S.; Lee, S. J.; Lee, J. S. Microplastic Size-Dependent Toxicity, Oxidative Stress 
Induction, and p-JNK and p-P38 Activation in the Monogonont Rotifer (Brachionus 
Koreanus). Environ. Sci. Technol. 2016, 50 (16), 8849–8857. 

(148)  Rosenkranz, Philipp, Chaudry, Qasim, Stone, Vicki, Fernandes, T. A COMPARISON OF 
NANOPARTICLE AND FINE PARTICLE UPTAKE BY DAPHNIA MAGNA. Chem. Eng. News 
2009, 28 (10), 2142–2149. 

(149)  Al-Sid-Cheikh, M.; Rowland, S. J.; Stevenson, K.; Rouleau, C.; Henry, T. B.; Thompson, R. 
C. Uptake, Whole-Body Distribution & Depuration of Nanoplastics by the Scallop Pecten 
Maximus, at Environmentally Realistic Concentrations. Environ. Sci. Technol. 2018. 

(150)  Batel, A.; Linti, F.; Scherer, M.; Erdinger, L.; Braunbeck, T. Transfer of Benzo[a]Pyrene from 
Microplastics to Artemia Nauplii and Further to Zebrafish via a Trophic Food Web 
Experiment: CYP1A Induction and Visual Tracking of Persistent Organic Pollutants. Environ. 
Toxicol. Chem. 2016, 35 (7), 1656–1666. 

(151)  M.G.S. Brillant, B. A. M. Postingestive Selection in the Sea Scallop, Placopecten 
Magellanicus (Gmelin): The Role of Particle Size and Density. J. Exp. Mar. Bio. Ecol. 2000, 
253, 211–227. 

(152)  Ašmonaitė, G.; Sundh, H.; Asker, N.; Carney Almroth, B. M. Rainbow Trout Maintain 
Intestinal Transport and Barrier Functions Following Exposure to Polystyrene Microplastics. 
Environ. Sci. Technol. 2018, acs.est.8b04848. 

(153)  Mazurais, D.; Ernande, B.; Quazuguel, P.; Severe, A.; Huelvan, C.; Madec, L.; Mouchel, O.; 
Soudant, P.; Robbens, J.; Huvet, A.; et al. Evaluation of the Impact of Polyethylene 
Microbeads Ingestion in European Sea Bass (Dicentrarchus Labrax) Larvae. Mar. Environ. 
Res. 2015, 112, 78–85. 

(154)  Gutow, L.; Saborowski, R.; Hamer, J.; Köhler, A. Fate of Microplastics in the Marine Isopod 
Idotea Emarginata. Environ. Sci. Technol. 2014. 

(155)  Cole, M.; Lindeque, P.; Fileman, E.; Halsband, C.; Goodhead, R.; Moger, J.; Galloway, T. S. 
Microplastic Ingestion by Zooplankton. Environ. Sci. Technol. 2013, 47 (12), 6646–6655. 

(156)  Kaposi, K. L.; Mos, B.; Kelaher, B. P.; Dworjanyn, S. a. Ingestion of Microplastic Has Limited 
Impact on a Marine Larva. Environ. Sci. Technol. 2014, 48 (3), 1638–1645. 

(157)  Hu, L.; Su, L.; Xue, Y.; Mu, J.; Zhu, J.; Xu, J.; Shi, H. Uptake, Accumulation and Elimination 
of Polystyrene Microspheres in Tadpoles of Xenopus Tropicalis. Chemosphere 2016, 164, 
611–617. 

(158)  Grigorakis, S.; Mason, S. A.; Drouillard, K. G. Determination of the Gut Retention of Plastic 
Microbeads and Microfibers in Goldfish (Carassius Auratus). Chemosphere 2017, 169, 233–
238. 

(159)  von Moos, N.; Burkhardt-Holm, P.; Köhler, A. Uptake and Effects of Microplastics on Cells 
and Tissue of the Blue Mussel Mytilus Edulis L. after an Experimental Exposure. Environ. Sci. 
Technol. 2012, 46 (20), 11327–11335. 

(160)  Brennecke, D.; Ferreira, E. C.; Costa, T. M. M.; Appel, D.; da Gama, B. A. P.; Lenz, M. 
Ingested Microplastics (>100μm) Are Translocated to Organs of the Tropical Fiddler Crab 
Uca Rapax. Mar. Pollut. Bull. 2015, 96 (1–2), 491–495. 

(161)  Avio, C. G.; Gorbi, S.; Regoli, F. Experimental Development of a New Protocol for Extraction 
and Characterization of Microplastics in Fish Tissues: First Observations in Commercial 
Species from Adriatic Sea. Mar. Environ. Res. 2015, 111, 18–26. 

(162)  Lu, Y.; Zhang, Y.; Deng, Y.; Jiang, W.; Zhao, Y.; Geng, J.; Ding, L.; Ren, H. Uptake and 
Accumulation of Polystyrene Microplastics in Zebrafish (Danio Rerio) and Toxic Effects in 
Liver. Environ. Sci. Technol. 2016, 50 (7), 4054–4060. 

(163)  Akhbarizadeh, R.; Moore, F.; Keshavarzi, B. Investigating a Probable Relationship between 
Microplastics and Potentially Toxic Elements in Fish Muscles from Northeast of Persian Gulf. 
Environ. Pollut. 2018, 232, 154–163. 



 
64 

(164)  Brennecke, D.; Ferreira, E. C.; Costa, T. M. M.; Appel, D.; da Gama, B. A. P.; Lenz, M. 
Ingested Microplastics (>100um) Are Translocated to Organs of the Tropical Fiddler Crab 
Uca Rapax. Mar. Pollut. Bull. 2015, 96 (1–2), 491–495. 

(165)  Collard, F.; Gilbert, B.; Compère, P.; Eppe, G.; Das, K.; Jauniaux, T.; Parmentier, E. 
Microplastics in Livers of European Anchovies (Engraulis Encrasicolus , L.). Environ. Pollut. 
2017, 229, 1000–1005. 

(166)  Wright, S. L.; Kelly, F. J. Plastic and Human Health: A Micro Issue? Environ. Sci. Technol. 
2017, 51, 6634–6647. 

(167)  Triebskorn, R.; Braunbeck, T.; Grummt, T.; Hanslik, L.; Huppertsberg, S.; Jekel, M.; Knepper, 
T. P.; Krais, S.; Müller, Y. K.; Pittroff, M.; et al. Relevance of Nano- and Microplastics for 
Freshwater Ecosystems: A Critical Review. TrAC Trends Anal. Chem. 2018, 110. 

(168)  Kashiwada, S. Distribution of Nanoparticles in the See-through Medaka (Oryzias Latipes). 
Environ. Health Perspect. 2006, 114 (11), 1697–1702. 

(169)  Maya, N.; Crispo, C.; McFarland, V.; Nasuhoglu, D.; Isazadeh, S.; Yargeau, V.; Metcalfe, C. 
D. Toxicity of Extracts from Municipal Wastewater to Early Life Stages of Japanese Medaka ( 
Oryzias Latipes ) to Evaluate Removals of Micropollutants by Wastewater Treatment. 
Environ. Toxicol. Chem. 2017, 9999 (9999), 1–9. 

(170)  Jutfelt, F.; Sundh, H.; Glette, J.; Mellander, L.; Thrandur Bjornsson, B.; Sundell, K. The 
Involvement of Aeromonas Salmonicida Virulence Factors in Bacterial Translocation across 
the Rainbow Trout, Oncorhynchus Mykiss (Walbaum), Intestine. J Fish Dis 2008, 31, 141–
151. 

(171)  Dawson, A. L.; Kawaguchi, S.; King, C. K.; Townsend, K. A.; King, R.; Huston, W. M.; 
Bengtson Nash, S. M. Turning Microplastics into Nanoplastics through Digestive 
Fragmentation by Antarctic Krill. Nat. Commun. 2018, 9 (1), 1001. 

(172)  Diepens, N. J.; Koelmans, A. A. Accumulation of Plastic Debris and Associated Contaminants 
in Aquatic Food Webs. Environ. Sci. Technol. 2018, 52 (15), 8510–8520. 

(173)  Yu, P.; Liu, Z.; Wu, D.; Chen, M.; Lv, W.; Zhao, Y. Accumulation of Polystyrene Microplastics 
in Juvenile Eriocheir Sinensis and Oxidative Stress Effects in the Liver. Aquat. Toxicol. 2018, 
200 (January), 28–36. 

(174)  Jin, Y.; Xia, J.; Pan, Z.; Yang, J.; Wang, W.; Fu, Z. Polystyrene Microplastics Induce 
Microbiota Dysbiosis and Inflammation in the Gut of Adult Zebrafish. Environ. Pollut. 2018, 
235, 322–329. 

(175)  Greven, A. C.; Merk, T.; Karagöz, F.; Mohr, K.; Klapper, M.; Jovanović, B.; Palić, D. 
Polycarbonate and Polystyrene Nanoplastic Particles Act as Stressors to the Innate Immune 
System of Fathead Minnow (Pimephales Promelas). Environ. Toxicol. Chem. 2016, 35 (12), 
3093–3100. 

(176)  Lu, L.; Wan, Z.; Luo, T.; Fu, Z.; Jin, Y. Polystyrene Microplastics Induce Gut Microbiota 
Dysbiosis and Hepatic Lipid Metabolism Disorder in Mice. Sci. Total Environ. 2018, 631–632, 
449–458. 

(177)  Green, D. S.; Colgan, T. J.; Thompson, R. C.; Carolan, J. C. Exposure to Microplastics 
Reduces Attachment Strength and Alters the Haemolymph Proteome of Blue Mussels 
(Mytilus Edulis). Environ. Pollut. 2018. 

(178)  Détrée, C.; Gallardo-Escárate, C. Single and Repetitive Microplastics Exposures Induce 
Immune System Modulation and Homeostasis Alteration in the Edible Mussel Mytilus 
Galloprovincialis. Fish Shellfish Immunol. 2018, 83, 52–60. 

(179)  Marina F. M. Santana, Fabiana T. Moreira, Camilo D. S. Pereira, Denis M. S. Abessa, A. T. 
Continuous Exposure to Microplastics Does Not Cause Physiological Effects in the Cultivated 
Mussel Perna Perna. Arch. Environ. Contam. Toxicol. 2018, 74, 594–604. 

(180)  Prokić, M. D.; Radovanović, T. B.; Gavrić, J. P.; Faggio, C. Ecotoxicological Effects of 
Microplastics: Examination of Biomarkers, Current State and Future Perspectives. TrAC 
Trends Anal. Chem. 2018. 

(181)  Wright, S. L.; Thompson, R. C.; Galloway, T. S. The Physical Impacts of Microplastics on 
Marine Organisms: A Review. Environ. Pollut. 2013, 178, 483–492. 

(182)  Jin, Y.; Xia, J.; Pan, Z.; Yang, J.; Wang, W.; Fu, Z. Polystyrene Microplastics Induce 
Microbiota Dysbiosis and Inflammation in the Gut of Adult Zebrafish. Environ. Pollut. 2018, 



 
65 

235, 322–329. 
(183)  Pedà, C.; Caccamo, L.; Fossi, M. C.; Gai, F.; Andaloro, F.; Genovese, L.; Perdichizzi, A.; 

Romeo, T.; Maricchiolo, G. Intestinal Alterations in European Sea Bass Dicentrarchus Labrax 
(Linnaeus, 1758) Exposed to Microplastics: Preliminary Results. Environ. Pollut. 2016, 212, 
251–256. 

(184)  Rochman, C. M.; Kurobe, T.; Flores, I.; Teh, S. J. Early Warning Signs of Endocrine 
Disruption in Adult Fish from the Ingestion of Polyethylene with and without Sorbed Chemical 
Pollutants from the Marine Environment. Sci. Total Environ. 2014, 493, 656–661. 

(185)  Rochman, C. M.; Parnis, J. M.; Browne, M. A.; Serrato, S.; Reiner, E. J.; Robson, M.; Young, 
T.; Diamond, M. L.; Teh, S. J. Direct and Indirect Effects of Different Types of Microplastics 
on Freshwater Prey (Corbicula Fluminea) and Their Predator (Acipenser Transmontanus). 
PLoS One 2017, 12 (11), 1–18. 

(186)  Wright, S. L.; Rowe, D.; Thompson, R. C.; Galloway, T. S. Microplastic Ingestion Decreases 
Energy Reserves in Marine Worms. Curr. Biol. 2013, 23 (23), R1031–R1033. 

(187)  Foley, C. J.; Feiner, Z. S.; Malinich, T. D.; Höök, T. O. A Meta-Analysis of the Effects of 
Exposure to Microplastics on Fish and Aquatic Invertebrates. Sci. Total Environ. 2018, 631–
632, 550–559. 

(188)  Choi, J. S.; Jung, Y. J.; Hong, N. H.; Hong, S. H.; Park, J. W. Toxicological Effects of 
Irregularly Shaped and Spherical Microplastics in a Marine Teleost, the Sheepshead Minnow 
(Cyprinodon Variegatus). Mar. Pollut. Bull. 2018, 129 (1), 231–240. 

(189)  Besseling, E.; Wegner, A. Effects of Microplastic on Fitness and PCB Bioaccumulation by the 
Lugworm Arenicola Marina (L.). … Sci. Technol. 2012. 

(190)  Sussarellu, R.; Suquet, M.; Thomas, Y.; Lambert, C.; Fabioux, C.; Pernet, M. E. J.; Le Goïc, 
N.; Quillien, V.; Mingant, C.; Epelboin, Y.; et al. Oyster Reproduction Is Affected by Exposure 
to Polystyrene Microplastics. Proc. Natl. Acad. Sci. 2016, 113 (9), 2430–2435. 

(191)  Yin, L.; Chen, B.; Xia, B.; Shi, X.; Qu, K. Polystyrene Microplastics Alter the Behavior, Energy 
Reserve and Nutritional Composition of Marine Jacopever (Sebastes Schlegelii). J. Hazard. 
Mater. 2018. 

(192)  Chelsea M. Rochman, Mark Anthony Browne, A. J. Underwood, Jan A. van Franeker, 
Richard C. Thompson, L. A. A.-Z. The Ecological Impacts of Marine Debris: Unraveling the 
Demonstrated Evidence from What Is Perceived. Ecol. Soc. Am. 2016. 

(193)  Wang, F.; Wang, F.; Zeng, E. Y. Sorption of Toxic Chemicals on Microplastics; Elsevier Inc., 
2018. 

(194)  Arias-Andres, M.; Kettner, M. T.; Miki, T.; Grossart, H. P. Microplastics: New Substrates for 
Heterotrophic Activity Contribute to Altering Organic Matter Cycles in Aquatic Ecosystems. 
Sci. Total Environ. 2018, 635, 1152–1159. 

(195)  Viršek, M. K.; Lovšin, M. N.; Koren, Š.; Kržan, A.; Peterlin, M. Microplastics as a Vector for 
the Transport of the Bacterial Fish Pathogen Species Aeromonas Salmonicida. Mar. Pollut. 
Bull. 2017, 125 (August), 301–309. 

(196)  Kirstein, I. V; Kirmizi, S.; Wichels, A.; Garin-fernandez, A.; Erler, R.; Martin, L. Dangerous 
Hitchhikers ? Evidence for Potentially Pathogenic Vibrio Spp . on Microplastic Particles. Mar. 
Environ. Res. 2016, 120, 1–8. 

(197)  Romera-Castillo, C.; Herndl, G. J.; Pinto, M.; Langer, T. M.; Álvarez-salgado, X. A. Dissolved 
Organic Carbon Leaching from Plastics Stimulates Microbial Activity in the Ocean. Nat. 
Commun. No. 2018. 

(198)  Arias-Andres, M.; Klümper, U.; Rojas-Jimenez, K.; Grossart, H. P. Microplastic Pollution 
Increases Gene Exchange in Aquatic Ecosystems. Environ. Pollut. 2018, 237, 253–261. 

(199)  Carson, H. S.; Colbert, S. L.; Kaylor, M. J.; McDermid, K. J. Small Plastic Debris Changes 
Water Movement and Heat Transfer through Beach Sediments. Mar. Pollut. Bull. 2011, 62 
(8), 1708–1713. 

(200)  Green, D. S.; Boots, B.; O’Connor, N. E.; Thompson, R. Microplastics Affect the Ecological 
Functioning of an Important Biogenic Habitat. Environ. Sci. &Technology 2016, Submitted. 

(201)  Green, D. S.; Boots, B.; Sigwart, J.; Jiang, S.; Rocha, C. Effects of Conventional and 
Biodegradable Microplastics on a Marine Ecosystem Engineer (Arenicola Marina) and 
Sediment Nutrient Cycling. Environ. Pollut. 2016, 208, 426–434. 



 
66 

(202)  Green, D. S.; Boots, B.; O’Connor, N. E.; Thompson, R. Microplastics Affect the Ecological 
Functioning of an Important Biogenic Habitat. Environ. Sci. Technol. 2017, 51 (1), 68–77. 

(203)  Lithner, D.; Damberg, J.; Dave, G.; Larsson, Å. Leachates from Plastic Consumer Products - 
Screening for Toxicity with Daphnia Magna. Chemosphere 2009, 74 (9), 1195–1200. 

(204)  Thompson, R. C.; Moore, C. J.; vom Saal, F. S.; Swan, S. H. Plastics, the Environment and 
Human Health: Current Consensus and Future Trends. Philos. Trans. R. Soc. B Biol. Sci. 
2009, 364 (1526), 2153–2166. 

(205)  Fossi, M. C.; Panti, C.; Guerranti, C.; Coppola, D.; Giannetti, M.; Marsili, L.; Minutoli, R. Are 
Baleen Whales Exposed to the Threat of Microplastics? A Case Study of the Mediterranean 
Fin Whale (Balaenoptera Physalus). Mar. Pollut. Bull. 2012, 64 (11), 2374–2379. 

(206)  Fossi, M. C.; Coppola, D.; Baini, M.; Giannetti, M.; Guerranti, C.; Marsili, L.; Panti, C.; de 
Sabata, E.; Clò, S. Large Filter Feeding Marine Organisms as Indicators of Microplastic in the 
Pelagic Environment: The Case Studies of the Mediterranean Basking Shark (Cetorhinus 
Maximus) and Fin Whale (Balaenoptera Physalus). Mar. Environ. Res. 2014, 100, 17–24. 

(207)  Tanaka, K.; Takada, H.; Yamashita, R.; Mizukawa, K.; Fukuwaka, M. A.; Watanuki, Y. 
Facilitated Leaching of Additive-Derived PBDEs from Plastic by Seabirds’ Stomach Oil and 
Accumulation in Tissues. Environ. Sci. Technol. 2015, 49 (19), 11799–11807. 

(208)  Gassel, M.; Harwani, S.; Park, J. S.; Jahn, A. Detection of Nonylphenol and Persistent 
Organic Pollutants in Fish from the North Pacific Central Gyre. Mar. Pollut. Bull. 2013, 73 (1), 
231–242. 

(209)  Koelmans, A. a.; Besseling, E.; Foekema, E. M. Leaching of Plastic Additives to Marine 
Organisms. Environ. Pollut. 2014, 187, 49–54. 

(210)  Jang, M.; Shim, W. J.; Han, G. M.; Rani, M.; Song, Y. K.; HONG, S. H. Styrofoam Debris as a 
Source of Hazardous Additives for Marine Organisms. Environ. Sci. Technol. 2016, 
acs.est.5b05485. 

(211)  Koelmans, A. A.; Bakir, A.; Burton, G. A.; Janssen, C. R. Microplastic as a Vector for 
Chemicals in the Aquatic Environment: Critical Review and Model-Supported Reinterpretation 
of Empirical Studies. Environ. Sci. Technol. 2016, 50 (7), 3315–3326. 

(212)  Bakir, A.; Rowland, S. J.; Thompson, R. C. Enhanced Desorption of Persistent Organic 
Pollutants from Microplastics under Simulated Physiological Conditions. Environ. Pollut. 
2014, 185, 16–23. 

(213)  Zimmermann, L., Wagner, M. SETAC Europe, Annual Meeting, Abstract Book. 2018, 139. 
(214)  Thaysen, C.; Stevack, K.; Ruffolo, R.; Poirier, D.; De Frond, H.; DeVera, J.; Sheng, G.; 

Rochman, C. M. Leachate From Expanded Polystyrene Cups Is Toxic to Aquatic 
Invertebrates (Ceriodaphnia Dubia). Front. Mar. Sci. 2018, 5 (February), 1–9. 

(215)  Li, H. X.; Getzinger, G. J.; Ferguson, P. L.; Orihuela, B.; Zhu, M.; Rittschof, D. Effects of 
Toxic Leachate from Commercial Plastics on Larval Survival and Settlement of the Barnacle 
Amphibalanus Amphitrite. Environ. Sci. Technol. 2016, 50 (2), 924–931. 

(216)  Seuront, L. Microplastic Leachates Impair Behavioural Vigilance and Predator Avoidance in a 
Temperate Intertidal Gastropod. 2018. 

(217)  Wooten, K. J.; Smith, P. N. Canine Toys and Training Devices as Sources of Exposure to 
Phthalates and Bisphenol A: Quantitation of Chemicals in Leachate and in Vitro Screening for 
Endocrine Activity. Chemosphere 2013, 93 (10), 2245–2253. 

(218)  Gandara e Silva, P. P.; Nobre, C. R.; Resaffe, P.; Pereira, C. D. S.; Gusmão, F. Leachate 
from Microplastics Impairs Larval Development in Brown Mussels. Water Res. 2016, 106, 
364–370. 

(219)  Rochman, C. M.; Hoh, E.; Kurobe, T.; Teh, S. J. Ingested Plastic Transfers Hazardous 
Chemicals to Fish and Induces Hepatic Stress. Sci. Rep. 2013, 3, 3263. 

(220)  Hermabessiere, L.; Dehaut, A.; Paul-Pont, I.; Lacroix, C.; Jezequel, R.; Soudant, P.; Duflos, 
G. Occurrence and Effects of Plastic Additives on Marine Environments and Organisms: A 
Review. Chemosphere 2017, 182, 781–793. 

(221)  Hodson, M. E.; Duffus-Hodson, C. A.; Clark, A.; Prendergast-Miller, M. T.; Thorpe, K. L. 
Plastic Bag Derived-Microplastics as a Vector for Metal Exposure in Terrestrial Invertebrates. 
Environ. Sci. Technol. 2017, 51 (8), 4714–4721. 

(222)  Browne, M. A.; Niven, S. J.; Galloway, T. S.; Rowland, S. J.; Thompson, R. C. Microplastic 



 
67 

Moves Pollutants and Additives to Worms, Reducing Functions Linked to Health and 
Biodiversity. Curr. Biol. 2013, 23 (23), 2388–2392. 

(223)  Devriese, L. I.; De Witte, B.; Vethaak, A. D.; Hostens, K.; Leslie, H. A. Bioaccumulation of 
PCBs from Microplastics in Norway Lobster (Nephrops Norvegicus): An Experimental Study. 
Chemosphere 2017, 186, 10–16. 

(224)  Ašmonaitė, G.; Larsson, K.; Undeland, I.; Sturve, J.; Carney Almroth, B. M. Size Matters: 
Ingestion of Relatively Large Microplastics Contaminated with Environmental Pollutants 
Posed Little Risk for Fish Health and Fillet Quality. Environ. Sci. Technol. 2018, 
acs.est.8b04849. 

(225)  Grigorakis, S.; Drouillard, K. G. Effect of Microplastic Amendment to Food on Diet 
Assimilation Efficiencies of PCBs by Fish. Environ. Sci. Technol. 2018, 52 (18), 10796–
10802. 

(226)  P., G., Ryan, A., D., Connell, B., D., G. Plastic Ingestion and PCBs in Seabirds:Is There a 
Relationship? Brain Res. 1988, 19 (4), 174–176. 

(227)  Bakir, A.; Rowland, S. J.; Thompson, R. C. Enhanced Desorption of Persistent Organic 
Pollutants from Microplastics under Simulated Physiological Conditions. Environ. Pollut. 
2014, 185, 16–23. 

(228)  Zubris, K. A. V.; Richards, B. K. Synthetic Fibers as an Indicator of Land Application of 
Sludge. Environ. Pollut. 2005, 138 (2), 201–211. 

(229)  Habib, D.; Locke, D. C.; Cannone, L. J. Synthetic Fibers as Indicators of Municipal Sewage. 
Water, Air Soil Pollut. 1998, No. 103, 1–8. 

(230)  Rillig, M. C. Microplastic in Terrestrial Ecosystems and the Soil? Environ. Sci. Technol. 2012, 
46, 6453–6454. 

(231)  Nizzetto, L.; Futter, M.; Langaas, S. Are Agricultural Soils Dumps for Microplastics of Urban 
Origin? Environ. Sci. Technol. 2016, 50 (20), 10777–10779. 

(232)  Yang, D.; Sun, S.; Chen, J.; Liu, X. Analysis for the Spatial and Temporal Patterns of 
Plasticulture in Shandong Province, China with Remotely Sensed Data. 2016 5th Int. Conf. 
Agro-Geoinformatics, Agro-Geoinformatics 2016 2016, 2013–2016. 

(233)  McNeish, R. E.; Kim, L. H.; Barrett, H. A.; Mason, S. A.; Kelly, J. J.; Hoellein, T. J. 
Microplastic in Riverine Fish Is Connected to Species Traits. Sci. Rep. 2018, 8 (1), 1–12. 

(234)  Zylstra, E. R. Accumulation of Wind-Dispersed Trash in Desert Environments. J. Arid 
Environ. 2013, 89, 13–15. 

(235)  Hurley, R. R.; Nizzetto, L. Fate and Occurrence of Micro(Nano)Plastics in Soils: Knowledge 
Gaps and Possible Risks. Curr. Opin. Environ. Sci. Heal. 2018, 1, 6–11. 

(236)  Fu, S. F.; Ding, J. N.; Zhang, Y.; Li, Y. F.; Zhu, R.; Yuan, X. Z.; Zou, H. Exposure to 
Polystyrene Nanoplastic Leads to Inhibition of Anaerobic Digestion System. Sci. Total 
Environ. 2018, 625, 64–70. 

(237)  Awet, T. T.; Kohl, Y.; Meier, F.; Straskraba, S.; Grün, A. L.; Ruf, T.; Jost, C.; Drexel, R.; Tunc, 
E.; Emmerling, C. Effects of Polystyrene Nanoparticles on the Microbiota and Functional 
Diversity of Enzymes in Soil. Environ. Sci. Eur. 2018, 30 (1). 

(238)  Liu, H.; Yang, X.; Liu, G.; Liang, C.; Xue, S.; Chen, H.; Ritsema, C. J.; Geissen, V. Response 
of Soil Dissolved Organic Matter to Microplastic Addition in Chinese Loess Soil. 
Chemosphere 2017, 185, 907–917. 

(239)  Rillig, M. C.; De Souza Machado, A. A.; Lehmann, A.; Klümper, U. Evolutionary Implications 
of Microplastics for Soil Biota. Environ. Chem. 2018, No. Rillig. 

(240)  Huerta Lwanga, E.; Gertsen, H.; Gooren, H.; Peters, P.; Salánki, T.; van der Ploeg, M.; 
Besseling, E.; Koelmans, A. A.; Geissen, V. Incorporation of Microplastics from Litter into 
Burrows of Lumbricus Terrestris. Environ. Pollut. 2017, 220, 523–531. 

(241)  Zhao, S.; Zhu, L.; Li, D. Microscopic Anthropogenic Litter in Terrestrial Birds from Shanghai, 
China: Not Only Plastics but Also Natural Fibers. Sci. Total Environ. 2016, 550, 1110–1115. 

(242)  Ramaswamy, V.; Sharma, H. R. Plastic Bags- Threat to Environment and Cattle Health: A 
Retrospective Study from Gondar City of Ethiopia. 2011, 2 (2011), 7–12. 

(243)  Rodriguez-Seijo, A.; Lourenço, J.; Rocha-Santos, T. A. P.; da Costa, J.; Duarte, A. C.; Vala, 
H.; Pereira, R. Histopathological and Molecular Effects of Microplastics in Eisenia Andrei 
Bouché. Environ. Pollut. 2017, 220, 495–503. 



 
68 

(244)  Galloway, T. S.; Lewis, C. N. Marine Microplastics Spell Big Problems for Future 
Generations. Proc. Natl. Acad. Sci. 2016, 113 (9), 2331–2333. 

(245)  Albert, A., Koelmans, Ellen, Besseling, Won, J., S. Nanoplastics in the Aquatic Environment. 
Critical ReviewBergmann, Melanie Gutow, Lar. Mar. Anthropog. Litter 2015, 1–447. 

(246)  Hartmann, N. B.; Rist, S.; Baun, A. Aquatic Ecotoxicity Testing of Nanoplastics ( and 
Microplastics ) Tuning the Test System …. 2016, No. May. 

(247)  Syberg, K.; Khan, F. R.; Selck, H.; Palmqvist, A.; Banta, G. T.; Daley, J.; Sano, L.; Duhaime, 
M. B. Microplastics: Addressing Ecological Risk through Lessons Learned. Environ. Toxicol. 
Chem. 2015, 34 (5), 945–953. 

(248)  Burton, G. A. Stressor Exposures Determine Risk: So, Why Do Fellow Scientists Continue To 
Focus on Superficial Microplastics Risk? Environ. Sci. Technol. 2017, 51 (23), 13515–13516. 

(249)  Phuong, N. N.; Zalouk-Vergnoux, A.; Poirier, L.; Kamari, A.; Châtel, A.; Mouneyrac, C.; 
Lagarde, F. Is There Any Consistency between the Microplastics Found in the Field and 
Those Used in Laboratory Experiments? Environ. Pollut. 2016, 211, 111–123. 

(250)  Ogonowski, M.; Gerdes, Z.; Gorokhova, E. What We Know and What We Think We Know 
about Microplastic Effects – A Critical Perspective. Curr. Opin. Environ. Sci. Heal. 2018, 1, 
41–46. 

(251)  Backhaus, T.; Wagner, M. Microplastics in the Environment: Much Ado about Nothing? A 
Debate. PeerJ Prepr. 2018, 6, e26507v6. 

(252)  Everaert, G.; Van Cauwenberghe, L.; De Rijcke, M.; Koelmans, A. A.; Mees, J.; 
Vandegehuchte, M.; Janssen, C. R. Risk Assessment of Microplastics in the Ocean: 
Modelling Approach and First Conclusions. Environ. Pollut. 2018, 242, 1930–1938. 

(253)  Burns, E. E.; Boxall, A. B. A. Microplastics in the Aquatic Environment: Evidence for or 
against Adverse Impacts and Major Knowledge Gaps. Environ. Toxicol. Chem. 2018, 37 (11), 
2776–2796. 

(254)  Hermsen, E.; Mintenig, S. M.; Besseling, E.; Koelmans, A. A. Quality Criteria for the Analysis 
of Microplastic in Biota Samples: A Critical Review. Environ. Sci. Technol. 2018, 52 (18), 
10230–10240. 

(255)  NATIONS, F. A. A. O. O. T. U. Microplastics in Fisheries and Aquaculture. 
(256)  Hartmann, N. B.; Rist, S.; Bodin, J.; Jensen, H. S.; Schmidt, S. N.; Mayer, P.; Meibom, A.; 

Baun, A. Microplastics as Vectors for Environmental Contaminants : Exploring Sorption , 
Desorption , and Transfer to Biota. 2017, 13 (3), 488–493. 

(257)  Potthoff, A.; Oelschlägel, K.; Schmitt-Jansen, M.; Rummel, C. D.; Kühnel, D. From the Sea to 
the Laboratory: Characterization of Microplastic as Prerequisite for the Assessment of 
Ecotoxicological Impact. Integr. Environ. Assess. Manag. 2017, 13 (3), 500–504. 

(258)  Khan, F. R.; Syberg, K.; Palmqvist, A. Are Standardized Test Guidelines Adequate for 
Assessing Waterborne Particulate Contaminants? Environ. Sci. Technol. 2017, 51 (4), 1948–
1950. 

(259)  Van Cauwenberghe, L.; Devriese, L.; Galgani, F.; Robbens, J.; Janssen, C. R. Microplastics 
in Sediments: A Review of Techniques, Occurrence and Effects. Mar. Environ. Res. 2015, 
111, 5–17. 

(260)  Rist, S.; Carney Almroth, B.; Hartmann, N. B.; Karlsson, T. M. A Critical Perspective on Early 
Communications Concerning Human Health Aspects of Microplastics. Sci. Total Environ. 
2018, 626, 720–726. 

(261)  Revel, M.; Châtel, A.; Mouneyrac, C. Micro(Nano)Plastics: A Threat to Human Health? Curr. 
Opin. Environ. Sci. Heal. 2018, 1, 17–23. 

(262)  No Title https://orbmedia.org/stories/invisibles_plastics? 
(263)  Pivokonsky, M.; Cermakova, L.; Novotna, K.; Peer, P.; Cajthaml, T.; Janda, V. Occurrence of 

Microplastics in Raw and Treated Drinking Water. Sci. Total Environ. 2018, 643, 1644–1651. 
(264)  Jacob, Strand, Louise, Feld, Fionn, Murphy, Aiga, Macevica, Nanna, B., H. Analysis of 

Microplastic Particles in Danish Drinking Water; 2018. 
(265)  Wlfgang, Uhl, Mona, E. Mapping Microplastic in Norwegian Drinking Water, Norsk Vann 

Report 241/2018; 2018. 
(266)  Mason, S. A.; Welch, V. G.; Neratko, J. Synthetic Polymer Contamination in Bottled Water. 

Front. Chem. 2018, 6 (September). 



 
69 

(267)  Schymanski, D.; Goldbeck, C.; Humpf, H. U.; Fürst, P. Analysis of Microplastics in Water by 
Micro-Raman Spectroscopy: Release of Plastic Particles from Different Packaging into 
Mineral Water. Water Res. 2018, 129, 154–162. 

(268)  Rochman, C. M.; Tahir, A.; Williams, S. L.; Baxa, D. V.; Lam, R.; Miller, J. T.; Teh, F. C.; 
Werorilangi, S.; Teh, S. J. Anthropogenic Debris in Seafood: Plastic Debris and Fibers from 
Textiles in Fish and Bivalves Sold for Human Consumption. Sci. Rep. 2015, 5 (April), 1–10. 

(269)  Van Cauwenberghe, L.; Janssen, C. R. Microplastics in Bivalves Cultured for Human 
Consumption. Environ. Pollut. 2014, 193, 65–70. 

(270)  Devriese, L. I.; van der Meulen, M. D.; Maes, T.; Bekaert, K.; Paul-Pont, I.; Frère, L.; 
Robbens, J.; Vethaak, A. D. Microplastic Contamination in Brown Shrimp (Crangon Crangon, 
Linnaeus 1758) from Coastal Waters of the Southern North Sea and Channel Area. Mar. 
Pollut. Bull. 2015, 98 (1–2), 179–187. 

(271)  Neves, D.; Sobral, P.; Ferreira, J. L.; Pereira, T. Ingestion of Microplastics by Commercial 
Fish off the Portuguese Coast. Mar. Pollut. Bull. 2015, 101 (1), 119–126. 

(272)  Bellas, J.; Martínez-Armental, J.; Martínez-Cámara, A.; Besada, V.; Martínez-Gómez, C. 
Ingestion of Microplastics by Demersal Fish from the Spanish Atlantic and Mediterranean 
Coasts. Mar. Pollut. Bull. 2016, 109 (1), 55–60. 

(273)  Renzi, M.; Guerranti, C.; Blašković, A. Microplastic Contents from Maricultured and Natural 
Mussels. Mar. Pollut. Bull. 2018, 131 (March), 248–251. 

(274)  Cheung, L. T. O.; Lui, C. Y.; Fok, L. Microplastic Contamination Ofwild and Captive Flathead 
Grey Mullet (Mugil Cephalus). Int. J. Environ. Res. Public Health 2018, 15 (4). 

(275)  Smith, M.; Love, D. C.; Rochman, C. M.; Neff, R. A. Microplastics in Seafood and the 
Implications for Human Health. Curr. Environ. Heal. Reports 2018, 5 (3), 375–386. 

(276)  Catarino, A. I.; Macchia, V.; Sanderson, W. G.; Thompson, R. C.; Henry, T. B. Low Levels of 
Microplastics (MP) in Wild Mussels Indicate That MP Ingestion by Humans Is Minimal 
Compared to Exposure via Household Fibres Fallout during a Meal. Environ. Pollut. 2018, 
237, 675–684. 

(277)  Batel, A.; Linti, F.; Scherer, M.; Erdinger, L.; Braunbeck, T. Transfer of Benzo[a]Pyrene from 
Microplastics to Artemia Nauplii and Further to Zebrafish via a Trophic Food Web 
Experiment: CYP1A Induction and Visual Tracking of Persistent Organic Pollutants. Environ. 
Toxicol. Chem. 2016, 35 (7), 1656–1666. 

(278)  Granby, K.; Rasmussen, R. R.; Kotterman, M.; Sloth, J. J.; Cederberg, T. L.; Marques, A. T.; 
Koelmans, A.; Larsen, B. K. The Influence of Microplastic Inclusion in Feed on Carryover of 
Environmental Pollutants from Feed to Seabass and Salmon. Seaf. {Safety} 2017, 16. 

(279)  Bouwmeester, H.; Hollman, P. C. H.; Peters, R. J. B. Potential Health Impact of 
Environmentally Released Micro- and Nanoplastics in the Human Food Production Chain: 
Experiences from Bouwmeester, H., Hollman, P. C. H., & Peters, R. J. B. (2015). Potential 
Health Impact of Environmentally Released Micro- And . Environ. Sci. Technol. 2015, 49 (15), 
8932–8947. 

(280)  Basheer, C.; Lee, H. K.; Tan, K. S. Endocrine Disrupting Alkylphenols and Bisphenol-A in 
Coastal Waters and Supermarket Seafood from Singapore. Mar. Pollut. Bull. 2004, 48 (11–
12), 1161–1167. 

(281)  Kesy, K.; Hentzsch, A.; Klaeger, F.; Oberbeckmann, S.; Mothes, S.; Labrenz, M. Fate and 
Stability of Polyamide-Associated Bacterial Assemblages after Their Passage through the 
Digestive Tract of the Blue Mussel Mytilus Edulis. Mar. Pollut. Bull. 2017, 125 (1–2), 132–
138. 

(282)  Panel, E.; Chain, F. Presence of Microplastics and Nanoplastics in Food, with Particular 
Focus on Seafood. EFSA J. 2016, 14 (6). 

(283)  Villarrubia-Gómez, P.; Cornell, S. E.; Fabres, J. Marine Plastic Pollution as a Planetary 
Boundary Threat – The Drifting Piece in the Sustainability Puzzle. Mar. Policy 2018, 96 
(December 2017), 213–220. 

(284)  Johan Rockström, Will Steffen, Kevin Noone, Åsa Persson, F. Stuart Chapin, Eric F. Lambin, 
Timothy M. Lenton, Marten Scheffer, Carl Folke; Hans Joachim Schellnhuber, Björn Nykvist, 
Cynthia A. de Wit, Terry Hughes, Leeuw, S. van der; Rodhe, H.; , Sverker Sörlin; K., P.; 
Snyder, Robert Costanza, Uno Svedin, Malin Falkenmark, Louise Karlberg, Corell, R. W.; , 



 
70 

Victoria J. Fabry, James Hansen, Brian Walker, Diana Liverman, Katherine Richardson, Paul 
Crutzen, Foley, J. A. A Safe Operating Space for Humanity. Nature 2009, 461 (24). 

(285)  Kramm, J.; Vö, C.; Wagner, M. Superficial or Substantial: Why Care about Microplastics in 
the Anthropocene? 2018. 

(286)  Jasanoff, S. The Political Science of Risk Perception. Reliab. Eng. Syst. Saf. 1998, 59 (1), 
91–99. 

(287)  Zahara, A. Against Risk Perception https://discardstudies.com/2018/10/01/against-risk-
perception-the-deficit-model-and-public-understandings-of-risk/. 

(288)  Xanthos, D.; Walker, T. R. International Policies to Reduce Plastic Marine Pollution from 
Single-Use Plastics (Plastic Bags and Microbeads): A Review. Mar. Pollut. Bull. 2017. 

(289)  Truelove, H. B.; Yeung, K. L.; Carrico, A. R.; Gillis, A. J.; Raimi, K. T. From Plastic Bottle 
Recycling to Policy Support: An Experimental Test of pro-Environmental Spillover. J. Environ. 
Psychol. 2016, 46, 55–66. 

(290)  Clapp, J.; Swanston, L. Doing Away with Plastic Shopping Bags: International Patterns of 
Norm Emergence and Policy Implementation. Env. Polit. 2009, 18 (3), 315–332. 

(291)  R., H., Thaler, Cass, R., S. Nudge: Improving Decisions about Health, Wealth, and 
Happiness. 2008. 

(292)  Rivers, N.; Shenstone-harris, S.; Young, N. Using Nudges to Reduce Waste ? The Case of 
Toronto ’ s Plastic Bag Levy. J. Environ. Manage. 2017, 188, 153–162. 

(293)  Wagner, G. Going Green but Getting Nowhere. New York Times. 2011, pp 8–10. 
 
 
 

View publication statsView publication stats

https://www.researchgate.net/publication/331257977



