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“By the late 1950s, as Barthes was declaring plastic a “miraculous substance,” a source of 

endless possibility, Carson began rethinking earlier claims about an ocean exempt from 

human influence by detailing the threats of nuclear waste to the seas.” (De Wolff 2014) 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
För snart tio år sedan hörde jag talas om skräpöarna i Stilla havet. De beskrevs som öar 

två gånger så stora som Texas, helt fulla av plast. Jag förstod snart att de här öarna inte 

fanns på riktigt, utan att myten om dem hade skapats genom felaktiga översättningar mel-

lan språk.  Forskare har sedan dess försökt klargöra att det inte rör sig om några öar utan 

snarare om en smog, eller en soppa, med små finfördelade plast-partiklar som vi hittar 

nästan överallt i våra hav och vattendrag.  

Hur vi beskriver det spelar roll. Plast är en väldigt praktisk materialgrupp som kan hjälpa 

oss med de hållbarhetsutmaningar vi står inför om det används på ett genomtänkt sätt. 

Men för att nå ett mer hållbart användande av plast behöver vi korrekta problembeskriv-

ningar. En del i det är att förstå var plastpartiklarna kommer ifrån. En annan del är att 

försöka förstå vad som händer med dem när de hamnar i havet.  

Mycket av mitt arbete har de senaste åren handlat om att utveckla och testa metoder för 

att provta och analysera mikroplast i vatten, djur och sediment. Vi förstod dock snart att 

det inte finns någon perfekt metod. Istället måste vi anpassa olika metoder till de frågor vi 

försöker besvara och sedan vara tydliga med vilka begränsningar de bär med sig. 

Jag har lagt plast i burar i havet för att se vad som händer med plasten över tid. Jag har 

undersökt varför vi hittar så mycket plast från industrier, plast som inte ens hunnit bli 

plastprodukter. Och jag har tillbringat många timmar framför mikroskop för att analysera 

prover från sediment, djur, vatten och stränder. Slutligen har jag jämfört det som vi ser i 

våra prover med det som andra beräknar borde vara där, och med det som övervaknings-

program hittar längs med våra stränder.  

Det jag har sett är att även om plast i havet kan transporteras långt, så fastnar mycket 

längs med stränder. Våra resultat visar även att trots att många sorters plaster flyter till att 

börja med, så täcks de snabbt av biofilm och sjunker. Själva molekylerna i plasten föränd-

ras också, vilket bland annat leder till att de lättare går sönder och formar mindre frag-

mentbitar.  

Det är också en del i förklaringen till att en stor del av de partiklar som vi hittar i våra 

fältprover är fragment, det i sin tur visar att om vi vill arbeta med att minska mängden 

plastpartiklar i miljön så måste vi se över hur vi använder större plastprodukter.  

En del partiklar är dock tillverkade i mindre storlekar. Exempel på sådana som vi hittar i 

miljön är s.k. pellets och fluff - båda relaterade till produktion av plast. I en studie såg vi 

att miljontals pellets läcker ut varje år från en enda plastfabrik, på grund av kontinuerligt 

spill. Vi såg dessutom att det läckte ut vid förvaringsplatser och andra områden där de 

hanterades. Detta trots att det finns nationella och europeiska regelverk som, om de im-

plementerats, ska förhindra den här sortens spill.  
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Det här forskningsfältet har fått alltmer uppmärksamhet under de senaste åren vilket har 

lett till flera lösningsfokuserade initiativ. Fokusen på plast i havet och särskilt mikroplast 

har dock kritiserats då vi har många andra hållbarhetsutmaningar, såsom klimatföränd-

ringar, minskad biologisk mångfald och övergödning, framför oss.  

En av diskussionerna gäller vilken risk mikroplast och plast generellt innebär. Större plast 

har associerats med tydligare konsekvenser, framförallt i form av spökgarn - tappade fis-

keutrustningar som fortsätter fånga fisk och andra marina djur. Vad det gäller mikroplast 

så indikerar dock mycket av de data som vi har idag att nuvarande föroreningsnivåer av 

mikroplast inte innebär en generell ekologisk risk. Datan är dock bristfällig och det finns 

områden med högre nivåer. I våra strandprover hittade vi höga koncentrationer som lig-

ger många gånger över de nivåer som idag anses säkra. I takt med ökade föroreningsni-

våer kommer de områdena troligen bli allt vanligare.  

En annan del av den nuvarande debatten gäller lösningar, och resultaten från det här dok-

torandprojektet visar tydligt att eftersom plast kommer att fragmentera och sjunka, så är 

det mer effektivt att arbeta med uppstädning närmare källan än långt bort. Det är dock 

ännu mer effektivt att arbeta preventivt för att minska läckaget till miljön. Då en stor del 

av det vi hittar i miljön är plastfragment som kommer från större plastmaterial så behöver 

huvudfokus ligga på större plast och hur vi använder den. Det innebär att arbeta aktivt 

med avfallsströmmarna genom att minska konsumtionen samtidigt som vi förbättrar sop-

hanteringen för att minska läckage.  

Dagens höga, och ökande, konsumtion av plast skulle varit utmanade oavsett materialtyp 

och i vissa fall är plast det mest hållbara alternativet. Lösningarna blir mer effektiva ge-

nom att fokusera på den underliggande problematiken, hellre än att lägga fokus på upp-

städning. Om vi gör det blir det dessutom lättare att se hur olika hållbarhetsutmaningar är 

sammanlänkande och hur vissa lösningar för plastskräp, som t.ex. minskad konsumtion 

och förbättrad sophantering, kan ha en positiv påverkan på flera hållbarhetsutmaningar.  
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ABSTRACT  

Plastics are integral parts of our lives and have allowed for important technological leaps 

within society. However, an unwanted consequence of our current consumption of plas-

tics is marine plastic pollution and in order to reduce its impact we need to understand its 

sources and fate patterns. It is a threefold challenge as it requires suitable methodology, as 

well as in-depth studies of sources and the various processes that affect the fate of plas-

tics. Based on comprehensive tests and evaluations, this thesis provides recommendations 

on suitable methodologies for sampling, extraction and identification. To further improve 

the understanding of the fate of plastics in the ocean, in-situ experiments related to oxida-

tion and biofouling were performed. Moreover, the distributions of plastic pellets were 

mapped in a case study area, through field studies and calculations, to understand the 

spread from local point sources. The results show that floating plastics are prone to 

beaching and it is concluded that although plastics can be subject to long-range transport, 

the majority of the pollutants will be found close to the point of release. The studies also 

show that most floating plastics will eventually sink, due to biofouling and degradation. 

To provide information on diffuse sources, the evaluated methods were then applied to 

analyze surface waters, sediment, biota and beach materials. Most microplastics (53-

100%) found in the different surveys were identified as fragments of polyethylene, poly-

propylene and expanded polystyrene. Since most of the microplastics therefore stem from 

macroplastics, any attempt to address microplastic pollution needs to have a strong focus 

on macroplastics. Additionally, pellets and fluff were often encountered and specific point 

sources related to the production of plastics were examined in an interdisciplinary case 

study. The study showed continuous spills of plastic pellets associated with production, 

transportation and storage. The study furthermore illustrated that although there is a legal 

framework in place, it is not being adequately enforced, which has resulted in limited re-

sponsibility and accountability for the involved actors. The studies related to fate process-

es illustrate why attempts to decrease plastic pollution need to be focused as close to the 

source as possible, since that is where prevention and mitigation measures will be most 

efficient. Furthermore, the results from the field studies are crucial to consider for solu-

tion-oriented initiatives. They provide important insights regarding sources and fate of 

plastic particles, showing that in order to decrease microplastic pollution the main focus 

needs to be on larger plastics and how we use them. This means working actively to de-

crease waste streams through a lower level of consumption, while simultaneously improv-

ing waste management strategies to prevent leakage. The increasing interest from multiple 

stakeholders in academia, amongst policy makers and in the civil society also emphasizes 

the need for empirical data and clear communication to avoid discrepancies between the 

perceived and the actual sources and fate of floating plastic particles.   

Keywords: plastic pollution, polyethylene, microplastics, fate, sources, FTIR spectrosco-

py, method development 
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BACKGROUND 

Plastic pollution has reached high on the political and scientific agenda in recent years. 

After the introduction of the term microplastics in 2004 (Thompson et al. 2004), smaller 

plastic particles (<5 mm) also received increasing attention. A few years later, scientists 

showed that microplastics were distributed in sediment, biota, surface waters and beaches 

all over the world (reviewed in: Andrady 2011, Cole et al. 2011, Desforges et al. 2014 & 

GESAMP 2015). The majority of the early studies were focused on confirming the pres-

ence or absence of plastics but recent methodological developments have started to allow 

for more in-depth studies.  

The public attention was followed by a demand for prevention and mitigation. There are, 

however, several challenges associated with prioritizing actions, especially since plastics 

are intricately linked to our globalized economy and everyday lives. A clear and accurate 

problem description is therefore crucial in order to work efficiently towards decreasing 

microplastics in the environment. Since most early studies focused on the absence or 

presence of plastics, until recently only limited data was available on compositional differ-

ences. Additionally, little was known on the fate of plastics in the ocean.  

Thus, the overarching aim of the work presented here was to better understand the 

sources and fate of plastic particles in northern European coastal waters. The main focus 

was directed on plastic particles in the meso- (<25 mm) and micro (<5 mm) fractions1, 

but I will also touch upon the links between different sizes.  

The main body of the work presented in this thesis builds on work presented in three 

published papers, one accepted manuscript and one manuscript that is being prepared for 

submission. The papers and manuscripts can all be found in the appendix of the printed 

thesis. The thesis is divided into four chapters and Table 1 gives an overview of the pa-

pers and how they feed into different parts of the thesis. 

In order to understand the sources and fate of plastic particles, suitable methodologies to 

measure and identify these needed to be adapted and developed. Several methodological 

tests for sampling, extraction and analysis were therefore performed in Papers I, II, III 

and V. 

In Papers I, III, IV and V a combination of field measurements, modelling and in situ 

experiments were performed, to further investigate the fate of plastic particles in the ma-

rine environment. The main findings and general transport patterns of plastic particles in 

northern European waters are detailed in Chapter 2.  

                                              

1 We discuss the definitions more in-depth in Hartmann et al. 2019. There we also suggest that future studies should 
be defined within the size span of 1-1 000 µm for microplastics. In this thesis I will use the conventional definition 
of <5 mm to be in accordance with previously published literature. 
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The methods developed were then applied on a variety of field samples to better under-

stand the composition of plastic particles. In addition, the lessons learned regarding the 

transport and fate mechanisms were used to understand how to sample in a representative 

way and how to interpret the results from environmental samples.  Environmental sam-

ples were analyzed in Paper I, II, IV & V. In order to get a more complete overview the 

results from the field studies were related to surveys on macroplastics, as well as to recent 

regional reports that have made use of material-flow analyses to assess the different 

sources. The insights regarding sources of plastic particles are presented in Chapter 3.   

In Chapter 4 the results from the previous chapters are put into a wider context. The re-

sults are discussed in relation to risks associated with plastic pollution and how to ap-

proach prevention and mitigation solutions.   
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Table 1: Overview of the included papers and how they feed into the different sections 

of the thesis.  

 
Methods Fate Sources 

Paper I 

Compared a manta trawl 

and a filtering pump. 

Discussed sample size, 

replication and suitable 

ways to identify plastics 

Concentrations in surface 

waters 

Compositions in surface 

waters 

Paper II 

Tested and adapted extrac-

tion methods for micro-

plastics in biota and sedi-

ment 
 

Compositions in sediment, 

biota and surface waters 

Paper III 

Applied a variety of meth-

ods to characterize poly-

ethylene 

Placed thermally pre-

degraded plastics in cages 

in coastal waters and ex-

amined how the material 

changed during 12 weeks 

 

Paper IV 
 

Combined field tests with 

drifters, calculations and 

field measurements to 

study the spreading of 

spills of pre-production 

materials in a case study 

area 

Investigated spills of pre-

production microplastics 

and the underlying causes 

of their release to the 

sea/to the field 

Paper V 

Compared two sampling 

approaches. Developed 

image analysis for auto-

matic size measurements 

of the particles. 

Concentrations on beaches 

Composition on beaches 

and comparisons with 

studies on macrolitter, ma-

terial flow analysis and 

material usage 
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CHAPTER 1: METHODS FOR MEASURING AND 
CHARACTERIZING PLASTIC PARTICLES IN 
ENVIRONMENTAL SAMPLES 

Early plastic pollution research built largely on lessons from planktologists. A commonly 

used mesh size for studying zooplankton, fish eggs, larvae and other organisms in the 

nekton is 0.3 mm, and consequently, this has been the cut-off size limit in many micro-

plastic studies. While it is still frequently applied, it is becoming increasingly common to 

sample for smaller sizes. In terms of discussing sources and fate 0.3 mm remains a practi-

cal cut-off size. Sampling for 0.3 mm is often done with neuston nets and surface-

skimming manta trawls. The identification is normally done visually with the aid of stere-

omicroscopy, and it is becoming more common to couple it with chemical identification 

techniques such as Fourier transform infrared (FTIR) spectroscopy or Raman spectros-

copy (Renner 2017). 

It was recognized early on that one singular method would not be adequate to assess mi-

croplastic pollution, particularly since microplastics come in many different shapes, sizes 

and densities (Rochman 2019). As the research field matured, other methods, specifically 

adapted to different matrices and research questions, were developed (reviewed in: Hidal-

go-Ruz et al. 2012, Renner et al. 2017a & Prata et al. 2018). Sampling has been done in 

several different types of matrices including beach substrate, surface waters, biota and 

sediment. The sampling methods are based either on sampling a specific volume, pooling 

several smaller subsamples or concentrating a larger volume over a smaller surface (as in 

the case of the manta trawl). Due to the time-consuming analysis, small samples and few 

replicates are often collected. As a consequence it is not uncommon that scientists report 

less than 15 particles per sample (e.g. Hermsen et al. 2017, Catarino et al. 2018, Courtene-

Jones et al. 2019 & Lacerda et al. 2019). Such low concentrations do not allow for com-

positional analyses and requires extensive replication, to allow for spatial or temporal 

comparisons (Paper I). One associated challenge to overcome, in order to start pro-

cessing larger sample volumes, is the adaptation of suitable methods for extracting micro-

plastics from the sample matrix. Extraction methods have improved in recent years and 

there are now several protocols using chemical digestion, enzymatic digestion and density 

separation (reviewed in: Hermsen et al. 2018, Mai et al. 2018, O’Connor et al. 2019). An-

other challenge lies within the identification of plastic particles. Although most of the 

identification is still done visually, the use of chemical identification methods has also in-

creased (Renner et al. 2017a). The multitude of methods that are used today does not al-

low for comparison between studies, especially since methodological quality assessments 

and controls are often missing or not being reported (Hermsen et al. 2018). As a result, 

several scientists have noted the need for harmonizing the methods used for studying 

microplastics (Lusher 2015, Van Cauwenberghe et al. 2015, Setälä et al. 2016 & Rochman 

et al. 2017). In order to allow for spatial or temporal comparisons and to provide recom-
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mendations regarding future studies, it is crucial that the strengths and limitations associ-

ated with each method, as well as the differences between methods, are better under-

stood.  

For this thesis, several different methods were developed, tested and applied for sampling 

and characterizing microplastics. In Paper I, we used a manta trawl and an in-situ filtering 

pump to compare sampling methods in field tests, to test for variation between methods 

and to discuss suitable sampling strategies related to replication and sample size. We also 

present a protocol for visual identification of microplastics and discuss FTIR spectrosco-

py. In Paper II, we developed and applied extraction methods for screening invertebrate 

species, water and sediment samples for microplastics. In Paper III, we used a wide vari-

ety of methods to characterize material properties of polyethylene exposed to different 

levels of thermal degradation and field exposures. In Paper V, we sampled different types 

of beaches. We also combined the visual protocol outlined in Paper I, with image analy-

sis. This chapter provides reflections on the lessons learned and recommendations for 

future studies for different types of matrices, methods and size classes. The main focus on 

this section will be on methods for particles above 0.3 mm, although Paper II also 

touches upon smaller particles and several of the conclusions are useful for other size-

classes.  The chapter is divided into sampling methods, extraction methods, visual identi-

fication and chemical characterization 

SAMPLING AND EXTRACTION  

Matrix 

All methods come with different sets of limitations; these are important to understand in 

order to decide on strategies for sampling and sample treatment. For sampling, it is im-

portant to consider which matrix to sample in, as well as what sampling strategy and what 

method to use. A common matrix to study is surface waters. The results in Paper I, how-

ever, illustrate that surface waters are highly dynamic environments; therefore, samples 

originating from there might only give a snapshot of the current status. Moreover, the 

results are often hard to interpret since concentrations will depend on several factors in-

cluding weather (Kukulka et al. 2012) and the tow directions of the manta trawl (Paper I). 

Additionally, surface waters often have low particle concentrations compared to other 

compartments of the sea.    

Beaches on the other hand can be expected to have higher concentrations. Paper IV il-

lustrates how microplastics from local input will accumulate on beaches nearby. This was 

further confirmed in Paper V where concentrations in samples that had been pooled over 

a transect samples varied between 9 and 54 000 particles per kg d.w. For the samples tak-

en in areas of the beach where litter had accumulated the highest concentration of micro-

plastics of a size >300 µm was over 1 million particles/kg d.w. Although the concentra-

tions are likely affected by a variety of factors such as tidal water, weather, topography, 
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substrate and vegetation, these samples show that exposed beaches are important 

hotspots for the accumulation of microplastics. Most of the plastic particles are, however, 

expected to sink. Accumulation sediment may therefore be the most suitable matrix to 

study plastic pollution over time, as we previously discussed in a policy brief regarding 

methods for studying microplastics (Setälä et al 2019).  

Sampling strategy 

Three main strategies were used to obtain the samples for this thesis; bulk samples (i.e a 

smaller sample volume taken from a larger sampling matrix) (Papers II, V), concentrating 

larger volumes over a mesh (Papers I, IV) and pooling smaller subsamples (Papers II, 

V). Due to low concentrations and high variations, bulk sampling is likely only suitable in 

highly contaminated areas and for smaller size classes. Smaller samples can however be 

pooled, and in the screening study presented in Paper II, several individuals were pooled 

and subsampled for the biota samples. However, volumes of the subsamples in that study 

were on the lower end to allow for comparisons regarding concentrations or composi-

tions. The number of particles obtained per subsample of the pooled biota (0-14 parti-

cles), means that the results are mainly useful as initial screening results. As such they do, 

however, confirm a widespread contamination of microplastics across several different 

phyla. The quantitative values should however be interpreted with care.  

The results in Paper I further illustrate the importance of obtaining a suitable sample size 

in order to get enough particles per sample to decrease counting uncertainty. In Figure 1, 

the results from the trawl and the pump are used to illustrate that, while sampling an un-

known concentration, the higher volumes achieved with the trawl give better representa-

tion of the complexity of the area. Even so, the particle numbers per sample for the trawl 

varied between 11 and 57. For the pump on the other hand, the particle numbers per 

sample varied between 0 and 13. It was concluded that for samples with less than 25 par-

ticles, the risk of obtaining false null values increases and would require extensive replica-

tion to allow for spatial and temporal comparisons. 
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Figure 1: Illustration of the number of particles per replicate for the pump and the trawl. 

Trawl samples had a three times larger sampling volume (60 m3) and therefore sampled 

more of the complexity compared to the pump. The pump takes longer to sample with 

resulting in lower sample volumes and fewer replicates. Due to the low sample volume 

(20 m3) with the pump, the risk of obtaining false null values increased. Even with the 

higher trawl volume the amount of particles varied between 11 and 57 per sample.  

The sampling volume should therefore be adapted for the study area as the concentration 

will differ dependent on where the samples are being taken. Typically, industrial areas and 

cities have higher concentrations (Yonkos et al. 2014, Mani et al. 2015, Hassellöv et al. 

2018) but ideally pilot sampling should be done to assess the necessary sampling volume 

and replication. Power analysis for the trawl samples in Paper I showed that,  in order to 

measure a difference between an area with an average concentration of 26 particles per 

sample and one with 52 particles per sample, at least 8 replicates would be necessary as-

suming the recorded standard deviation of 14 particles per sample to be representative. In 

order to measure a difference of 50 particles, on the other hand, only two replicates 

would be needed, assuming a similar standard deviation. To be able to do compositional 

comparisons the sample volumes in Paper V were therefore adapted to the local level of 

contamination, when possible, to ensure a high enough particle counts.  

Regarding the choice of specific methods for sampling, it is important to know how they 

differ. In Paper I, field tests were conducted using a manta trawl and a filtering pump in 

order to compare methods for sampling surface waters. The tests were focused on parti-

cles above 300 µm and showed that, since the trawl sampled higher volumes, the uncer-

tainty related to counting statistics (number of particles per sample) was lower. Other 

than that, the trawl showed a higher concentration of expanded cellular plastics identified 

as polystyrene and air-filled microspheres identified as polymethylmethacrylate (PMMA); 

both of which are particles that typically float on top of the surface (Figure 2). This indi-

cates that the trawl sampled particles floating on the surface more efficiently than the 

10 microplastics 

Sample 

Trawl samples  Pump samples  
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pump. On the other hand, the sampling volume accuracy of the pump was higher and the 

contamination risk was lower, since only isolated parts of the pump were made from plas-

tics. Additionally it provided a possibility of sequential filtration with filters of different 

sizes. All these factors are important to consider when deciding on a method as they will 

affect the results.  

 

 

Figure 2: Composition for 6 replicate pump samples and 10 replicate trawl samples 

pooled and normalized to # of particles per 100 m3 of water volume. Pictures show rep-

resentative particle types for each category.  

Sample treatment 

Within the research field, several methods are used to extract and isolate plastic particles 

from environmental samples and often adaptations have to be made for different types of 

matrices and polymers. For biota, plastics have been shown to be ingested by a large vari-

ety of marine species (Wright et al. 2013), and investigations of microplastic uptake are 

often based on stomach content analysis (Hidalgo-Ruz et al. 2012). However, it has been 

shown that microplastics may also be taken up via other pathways, such as the gills in 

crabs (Watts et al. 2014), and that translocation of smaller particles within the organisms 
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can occur in some cases (Browne et al. 2008). Full-body analytical approaches are there-

fore sometimes preferred and in Paper II, we tested and adapted one enzymatic method 

using Proteinase K that showed good recovery rates of spiked plastic particles. Since then, 

several other methods have been developed (reviewed in: Hermsen et al. 2018, Mai et al. 

2018, O’Connor et al. 2019). The tests in Paper II show the importance of testing for 

recovery and assessing the effects the extraction protocol has on plastic particles, since a 

previously used protocol (also detailed in the paper) using chemical digestion showed low 

recoveries of spiked plastic particles and strong effects on the material; including melting, 

fusing and discoloration of the plastic particles.  

The extraction methods for microplastics from sediments are often based on density sep-

aration through the addition of a high-density solution to the sample and the isolation of 

the particles that float to the surface (Claessens et al. 2013 & Nuelle et al. 2014). There are 

several types of methods available, but it is important to test for recovery here as well, 

since the plastics easily get stuck on glassware used during the separation process as noted 

in Paper II. Depending on the sediment, it can also be beneficial to apply a pre-treatment 

to decrease the “stickiness” and ensure efficient separation. In Paper V, sodium pyro-

phosphate was used to disperse the grains, but pre-treatments will need to be adapted to 

specific types of sediments.  

Blank samples and contamination control 

Since plastics are commonly used in our everyday lives and can fragment during usage, 

another factor to take into account is the potential contamination of plastic particles dur-

ing the sampling and sample treatment. This is often done through different types of 

blank- and contamination control samples. Blank samples do not contain an actual sample 

but are empty samples that undergo the same treatment, from sampling to analysis, as the 

field samples. Contamination control samples, on the other hand, can be specifically de-

signed to test the background level of contamination in certain steps of the procedure, for 

example in the laboratory. In the studies presented here, the main focus was on blank 

samples. The results showed that, for studies of particles >300 µm, blanks generally show 

low levels of contamination: in Paper I, only one particle was found among three blanks 

and in Paper V a total of 2 particles >300 µm were found among 6 blanks. For studying 

smaller fractions, including fibers, the importance of a clean laboratory environment and 

blank samples is crucial, as noted in Paper II, where great care was taken to avoid con-

tamination, but some contamination was still recorded. In another study, we looked at 

contamination levels in the lab and in the office (Rist et al. 2018). In samples that were 

air-exposed in the office, between 5 and 22 particles per sample were found. In the con-

trols similar levels as noted in Paper II were found (average 1.7 particles per sample) 

(Rist et al. 2018).  
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VISUAL IDENTIFICATION AND CHARACTERIZATION 
It is becoming increasingly common to combine different types of spectroscopic meth-

ods, microscope-based visual identification is still the most common method for micro-

plastic identification (Renner et al. 2017a). Although it is important to note that the hu-

man eye is quite good at sorting materials, this method has received criticism (e.g. Lenz et 

al. 2015, Löder & Gerdts 2015, Shim et al. 2017) since it can give both false negatives and 

false positives (Papers I, V) and is highly reliant on the experience of the researcher. 

Building and improving that experience requires good reference materials, clear protocols 

and the possibility to use other methods e.g. FTIR or Raman spectroscopy for particles 

that the researcher is not sure about. Still, for most published studies very little infor-

mation is given as to how plastics were visually separated from other types of materials. 

Tests have also shown that the risk of underestimating the level of pollution is higher in 

smaller size fractions (Primpke et al. 2017). Therefore, unaided visual identification should 

rarely be considered suitable for quantitative measurements of particles below 100 µm. 

For larger particles, objective protocols are key in order to compare studies. In Paper I, 

we therefore developed a protocol that can be further adapted to fit different types of 

microplastic studies. The analytical protocol has been developed through tests with expe-

rienced and inexperienced researchers and is divided into several categories that results in 

individual particle IDs for all particles. In Paper V, we further combined that protocol 

with automated image analysis of the particles to collect detailed information on particle 

sizes. 

SPECTROSCOPIC IDENTIFICATION AND CHARACTERI-

ZATION 
The use of polymer identification techniques is beneficial as they can increase the compa-

rability between investigations, reduce false negatives and false positives and provide fur-

ther insights into the sample composition. Even though there are other methods, such as 

pyrolysis GC-MS (Fries et al. 2013), the main focus here will be on the application of vi-

brational spectroscopy. Commonly used vibrational spectroscopy techniques are: Raman, 

Fourier transform infrared (FTIR) and near infrared (NIR) spectroscopy (Hidalgo-Ruz et 

al. 2012, Song et al. 2015). FTIR spectroscopy irradiates the sample with IR light. Some of 

the radiation is absorbed depending on interactions with the molecular vibrations in the 

material which then provides insight into the molecular structure. Several different modes 

and detectors are possible. Raman on the other hand uses a monochromatic light source 

(several different wavelengths are possible to use as light source). Similar to FTIR, the 

radiation then interacts with the molecules but here it creates a shift in energy for the scat-

tered photons, which in turn provides information about the molecular vibrations. FTIR 

absorption depends on dipole moments and is therefore useful for detecting polar func-

tional groups, such as carbonyl groups. The Raman signal, on the other hand, depends on 

changes in polarizability of chemical bonds wherefore it is useful in detecting aromatic 
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bods, C-H and C=C. These differences make them complementary in studying plastic 

polymers (differences are further reviewed in Käppler et al. 2016).   

Similar to visual analyses, there are few protocols for analyzing environmental plastics 

with spectroscopy, and it has been emphasized that the parameters for spectral acquisition 

and especially spectral identification are rarely specified in scientific articles (Renner et al. 

2017a). Spectra are often identified either automatically, based on similarities with refer-

ence spectra, or manually through comparing the spectra with known references and in-

terpreting the peaks. Environmental transformations of plastics (such as oxidative weath-

ering, hydrolysis, biofilm formation) give rise to new functional groups, chain scissoring, 

crystal state changes and consequently changes in the vibrational spectroscopic character-

istic spectra (Paper III). As a result of biofilms, peaks decrease in height, broaden, and 

new distinct peaks appear, while broad regions characteristic of –OH and –NH groups 

appear (Paper III). Manual inspection and interpretation of the spectra, even though 

more time consuming than automatic identification based on library searches, allows for 

better identification of weathered microplastics (Renner et al. 2017b). Additives could also 

change the spectra to some degree. Identification of unknown particles is therefore not 

always (or rarely) possible with pristine polymer library matching, but it takes both envi-

ronmental plastic reference libraries and some expert judgement to scrutinize the com-

puter matching. As discussed in Paper I, authors often state that they have used a cut-off 

limit of a 60% or 80% match towards reference spectra, but without specifying which 

software that they use (e.g. Yang et al. 2015) or which library (e.g. Woodall et al. 2014, 

Avio et al. 2015, Yu et al. 2016), or which criteria/settings (e.g. Woodall et al. 2014, Yang 

et al. 2015, Avio et al. 2015, Castillo et al. 2016). Even if it sounds specific enough, that 

cut-off is therefore, in fact, rather nonspecific. Microplastics analysis using FTIR requires 

knowledge of polymer spectroscopy (Song et al. 2015, Mecozzi et al. 2016) and can be 

aided by better adapted pre-processing algorithms and analytical algorithms. One such 

example is the one developed by Renner and colleagues (2017b) who managed to increase 

the accuracy of identification from 76% to 96% compared to conventional library search-

es by limiting the comparison to regions with vibrational bands and applying new search 

algorithms (Renner et al. 2017b). It is important to note that, even with the improved 

identification rate, Renner and colleagues still recommend to visually double-checking the 

spectra after the automatic recognition.  

Aside from determining the polymer type, it can be beneficial to include a characterization 

of the degradation of the plastics since this provides a better understanding of the materi-

al and its history. Plastics are often durable, and their longevity depends on a variety of 

factors including environmental factors related to light, heat and oxygen availability, mate-

rial usage, and additives such as primary and secondary antioxidants and UV-stabilizers. 

Even so, before plastics enter the marine environment, they often have already experi-

enced degradation, as the material starts degrading already during manufacturing and con-

tinues to degrade during its usage. It may also be exposed to degradation processes during 
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a period as terrestrial litter. Degradation and fragmentation can be analyzed using a wide 

variety of different methods as shown in Paper III, such as FTIR, differential scanning 

calorimetry (for semi-crystalline polymers), tensile strain at break, scanning electron mi-

croscopy (SEM) and image analysis.  

There have been some attempts to estimate how long plastic samples have been in the 

environment, based on spectroscopic measurements of material degradation (Brandon et 

al. 2016). Subsequent discussions have, however, pointed out that the history of the mate-

rial before and after it ended up in the ocean, along with the effect of different additives 

and other product characteristics, make estimates of the age of field-collected plastics un-

reliable (Andrady 2017), especially since these ageing processes are rather complex (Paper 

III). However, even if the specific age of the material may not be possible to determine 

from these measurements, their level of degradation still provides valuable insight into the 

sample composition. The observed changes in the FTIR spectra are also important to 

consider for the identification of plastics.  

For microplastics, most techniques are still applied on a particle-by-particle basis. A 

drawback of this method is that it often requires that particles have to be visually identi-

fied as plastics, or suspected plastics, and then individually be tested spectroscopically. 

This can lead to an underestimation of the plastics in the samples (Karlsson et al. 2016). 

Applying hyperspectral imaging on full filters is a promising approach which combines 

the spatial (position on the filter) and the spectral information, and thereby can be used to 

identify plastics and separate them from other materials in the samples. This technique 

generates a big data set so it relies on the application of multivariate data analysis and data 

dimensionality reduction in order to distinguish plastics from the background (Karlsson et 

al. 2016). This approach can also be combined with newer techniques, such as focal plane 

array FTIR (e.g. Primpke et al. 2017), which show great promise for smaller microplastic 

fractions down to around 10 µm.   

CONCLUSIONS AND RECOMMENDATIONS  
Research on plastic particles in the ocean has evolved rapidly in recent years. With con-

tinuous calls for harmonization and standardized methods there has been a parallel reali-

zation that it might not be reasonable to expect a one-size-fits-all method with such a 

complex group of contaminants. Instead, focus has shifted towards developing and apply-

ing quality-controlled, tailored methods to fit the research question, practical limitations 

and the matrix in question.  

Since the results will be highly influenced by the methods, the purpose of the monitoring 

or research study needs to be carefully designed so that suitable strategies can be used. 

For example, due to the high variations and short turnover times, surface waters are likely 

not suitable for long-term monitoring, but could instead be useful to test for differences 

in outflow from local point sources.  
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For sampling, the research presented here clearly shows that although different sampling 

methods can give different results it is, regardless of method, important to 1) get an ade-

quate number of particles per sample in order to limit statistical measuring uncertainty, 2) 

report environmental data and characteristics, since they can affect the concentrations and 

3) have enough replicates to correct for the inherent patchiness associated with the distri-

bution and abundance of plastic particles in the environment.  

For identification and characterization, it is important to realize that all methods have 

their inherent limitations and biases. Visual identification, supplemented by physical prob-

ing, can be very useful for larger particles (>100 µm) but does require training in order to 

increase accuracy and comparability. To decrease biases, it is also suggested that clear, 

structured protocols be used. Here, the method that was developed in Paper I can be a 

solid stepping stone towards a harmonized protocol. Similarly, for FTIR (and other spec-

troscopic techniques), the analyst should be trained to interpret the spectra correctly, and 

the protocols and algorithms used for library matching should be clearly stated. As illus-

trated in Paper III, it is also important to include the effects of degradation in the analy-

sis of the spectra, and to use suitable pre-treatment of the samples in order to get reliable 

results.  

 

 

 



26 
 

CHAPTER 2: FATE OF FLOATING PLASTIC PARTI-
CLES 

It has been estimated that 6 300 million tonnes of plastic waste have been generated up 

until 2015 (Geyer et al. 2017).  Of those; 9% have been recycled, 12% incinerated and the 

remaining 79% have accumulated in landfills or in the natural environment; both on land 

and in the ocean (Geyer et al. 2017). In the ocean, different types of plastics will be trans-

ported in different ways. For materials with similar shape and size, higher-density material 

will have a more efficient sinking capacity, assuming that the material isn’t air-filled, 

whereas light-density material will remain floating for a longer time span,. The sinking rate 

will also depend on the size of the particle, as larger particles will have a faster sinking rate 

compared to smaller particles with the same density. Moreover, the sinking rate depends 

on the shape of the particles, which for plastics can be seen, for example, with fibers and 

thin films that have a higher hydrodynamic friction with the water. Additionally, plastics 

can be air-filled such as in the case of expanded cellular plastics which may remain buoy-

ant even if the material density is higher than that of water. The water turbulence will also 

affect particles with different sinking rates in different ways (Ruiz et al. 1996). Additional-

ly, floating plastic particles are influenced by several factors such as biofouling, degrada-

tion (Paper III) and aggregation (Allredge et al. 1990, Long et al. 2015) which could af-

fect their vertical and horizontal transport. The processes affecting the transport and fate 

of plastic particles are, however, complex and other researchers have expressed an urgent 

need for a deeper understanding of them (Critchell & Lambrechts 2016, Jahnke et al. 

2017, Rummel et al. 2017).  

In this chapter, these processes will therefore be investigated through combining results 

and conclusions from studies on field samples, models and in-situ tests on how plastics are 

affected by degradation and biofilm formation. As the fate and degradation processes will 

differ greatly between polymer types, this chapter focuses on polyethylene, which is the 

most commonly used plastic polymer (Plastics Europe 2018). Most of the produced poly-

ethylene is used in packaging (63%) (Geyer et al. 2017) but since it is a versatile polymer it 

is also used in toys, houseware, construction materials and electronics (Plastics Europe 

2018). Polyethylene is also often specifically reported in plastic pollution studies (Andrady 

2017). In the work included in this thesis, it was common both on beaches (Paper IV, V) 

and in surface waters (Paper I, II). Polyethylene has a density lower than 1 g/cm3, and 

would therefore typically float in the ocean, but polyethylene bags were found on the bot-

tom of the sea, with signs of weathering and biofouling, already in the 1970s (Holmström 

1975). Therefore, it can be assumed that the fate processes are more complicated than 

what may be expected from material density alone.   

This chapter is divided into horizontal transport, degradation and vertical transport of 

plastic particles. It builds primarily on work done in Papers III and IV. But it also touch-

es on results from analyzing field samples in Paper I and V. In Paper III, we investigated 
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the fate and degradation of plastic films in surface waters through field tests. In Paper IV, 

we combined measurements with drifters and calculations with field measurements to 

understand the transport pattern of plastic pellets in coastal waters.  

DEGRADATION AND FRAGMENTATION 
In order to understand the fate of polyethylene, it is necessary to understand the process-

es that can affect the material. This includes degradation and fragmentation. Although 

plastic degradation has been extensively studied for industrial purposes, there is a limited 

understanding of what happens in the field.  Commercial polyethylene has a long service 

life because of the presence of antioxidants and stabilizers. The properties and longevity 

vary depending on the service conditions in different application’s demands, and the us-

age of different additives (Gewert et al. 2015).  Moreover, plastics in the marine environ-

ment, compared to plastics on land, are often subjected to lower temperatures, limited 

access to oxygen and lower ultraviolet (UV) radiation which can contribute to a lower rate 

of degradation (Pegram & Andrady 1989, Andrady et al. 1993, Muthukumar et al. 2011). 

Although the mineralization of plastics is expected to be a slow process, the first signs of 

degradation, such as reduction of tensile strain (O’Brine & Thompson 2010) and frag-

mentation (Weinstein et al 2016), can be seen already after 4-8 weeks.  

When polyethylene is subjected to warm temperatures, ultraviolet radiation, shear stress 

and/or catalyst residues, a formation of alkyl macro radicals will cause degradation 

(Selonke et al. 2012). Oxygen reacts with the polymer and changes the chemical structure 

(Gewert et al. 2015) and the following reactions then lead to formation of degradation 

products such as ketones, aldehydes, alcohols and carboxylic acids. The degradation is 

dominated by the formation of carbonyl groups and vinyl species (Krehula et al. 2014). 

Once the plastics reach a low molecular weight distribution, the degradation products can 

be used by microorganisms as nutrients, thereby producing CO2, water and biomass (Al-

bertsson et al. 1993, Chiellini et al. 1995, Prasun et. al 2014). The degradation pathways 

may however differ dependent on the environment in which the plastics are in, and the 

pathways in the marine environment are less studied than those in terrestrial matrices.  

In Paper III, polyethylene degradation and biofouling was investigated. Polyethylene 

films were pre-degraded to 4 different levels of degradation, through thermooxidative 

degradation in a heat oven at 90° C for 0, 20, 27 and 30 days. Following thermooxidative 

degradation the films were cut with a scalpel into pieces of 0.8×0.8 cm. In addition, 9 

larger pieces of 15×7 cm were cut from each level of degradation. The pieces were then 

added to stainless steel cages attached to a floating pier outside Kristineberg Marine Re-

search station, in the Gullmar Fjord on the Swedish west coast on the 22nd of July 2016. 

Samples were taken after 4, 8 and 12 weeks in order to investigate their continued oxida-

tion, biofouling and effects on material and apparent density.   
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Through analysis with FTIR spectroscopy it was shown that the thermal pre-degradation 

caused the formation of esters, peracids, acids and ketones (Figure 3). Already after 4 

weeks in the water, the plastic particles started showing an additional formation of car-

boxylate groups and some signs of the formation of vinyl groups as well as an increase in 

the hydroxyl groups. As for the polyethylene films that had been exposed to the longest 

period of heat treatment, the carbonyl index (which is commonly used to assess polyeth-

ylene degradation (Jakubowicz 2006, Andrady 2017) seemed to decrease. This may be a 

consequence of mineralization of the degradation products by microorganisms, although 

this assumption needs to be further investigated. The changes in the polymer spectra ob-

tained after the combined heat treatment and field exposure were however complex. In 

relation to the internal CH- peak the total area for carbonyls and carboxylates also in-

creased, a measurement that turned out to be more representative for the spectral chang-

es. These results highlight the complexity of plastic degradation in different environ-

ments.  

Figure 3: Degradation patterns of polyethylene as observed with FTIR. Shown here is a 

reference sample of the non-degraded material (black), a material that has been thermally 

degraded to level 4 (tensile strain at break 14%) (dotted grey line) and a material from lev-

el 4 that has been in the field for 8 weeks (blue line). 

Another noticeable change was that larger pieces (15 cm) soon started fragmenting. The 

material that was the most degraded at the beginning of the experiment started fragment-
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ing already after 2 weeks, the second-most degraded after 3 weeks and the least pre-

degraded after 12 weeks. Moreover, SEM imaging revealed small cracks along the surface 

of the most degraded material. Similarly, the smaller pieces (5 mm) fragmented with in-

creasing frequency with time and level of degradation. After 12 weeks, more than half of 

the pieces from the second-most and most pre-degraded material had fragmented.  Pieces 

that had not been pre-degraded did not fragment but a decrease in tensile strain at break 

from 110% to 88% was measured after 12 weeks of exposure. Although expected, this 

highlights the importance of fragmentation of macroplastics in the formation of micro-

plastics.   
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HORIZONTAL TRANSPORT  
The transportation of plastics from terrestrial to marine environments is often dependent 

on rain and runoff. A significant part of the transport is also expected to be via horizontal 

transport through rivers and other waterways (Lebreton et al. 2017). Once in the marine 

environment, floating plastics can be transported horizontally over long distances and 

their distribution often follows ocean surface circulation models (Law et al. 2010, Van 

Sebille et al. 2015). This long-range transport can for example be seen in plastic pellets, 

which have been documented in the environment since the 1970s (Carpenter et al. 1972, 

Carpenter & Smith 1972). Since then, pellets have been found in surface water samples 

and on beaches all over the world (Colton et al. 1974, Morris & Hamilton 1974, Gregory 

1977, Eriksen et al. 2013, Fernandino et al. 2015) – even on beaches that are not directly 

in contact with petrochemical or polymer industries (do Sul et al. 2009, Fok & Cheung 

2015). For the north-eastern Atlantic, simulations show that a large portion of floating 

particles that are released in this area will be transported to the Arctic (Cozár et al. 2017, 

Lachmann et al. 2017). There is, however, a discrepancy between the amounts of plastics 

that are expected to enter the oceans and what is found in surface waters (Thompson et 

al. 2004). Although there are several processes that can explain this, such as sinking and 

fragmentation, it can also in part be explained by beaching.  

In earlier works we have applied models to show the effect of beaching (Lachmann et al. 

2017).  The models showed that a significant portion of particles discharged in the North 

east Atlantic would also get stuck along the beaches in the Skagerrak area. The stranding 

of litter along the shoreline of the Skagerrak region is also observed in beach litter moni-

toring programs along the Swedish west coast. In fact, it has long been known that due to 

the prevalent directions of winds and currents, plastic debris often accumulates along the 

exposed beaches on the Swedish west coast, from both long and short-ranged sources 

(Håll Sverige Rent 2014). The high concentrations shown in Paper V further illustrate the 

importance of beaching in explaining the fate of plastic particles.   

The propensity for floating plastics to beach was further confirmed in a study by Critchell 

and Lambrechts (2016). They modelled the release of microplastics and showed that the 

seeding location (i.e. the location in which the particles were added) was an important 

factor in determining the horizontal distribution of plastic particles. They showed that if 

the particles were added closer to the coast, they had a lower latitudinal distribution 

(Critchell & Lambretch 2016); meaning that they remained in the area nearby. For local, 

coastal sources, the studies on pellet release can provide further insights into the propen-

sity of plastics to beach within the archipelago (Paper IV). In the study, the pellet distri-

bution within a case study area, in the close vicinity of a plastic production plant, was ex-

amined using field measurements, drifters and modelling. The area consists of a network 

of islands on whose beaches the pellets could be washed up. If the pellets that leaked 

from the production plant had not beached within the area, a steady state of the pellet 

pollution level would be reached after 50 days, matching the water exchange. However, by 
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using drifter studies it was shown that the typical floating distance until beaching would 

be between 0 and 5 km. This fits well with what was observed in subsequent field studies 

where the number of pellets found by one person within one hour was assessed (Figure 

4). These measurements and calculations highlight the importance of including beaching 

and remobilization trends when studying plastic distributions, especially when the sources 

are not situated directly at open coasts. 

Figure 4: Relative abundance of plastic pellets, as counted on beaches in the area by one 

person during one hour per spot. Bars are illustrative of the relative number of pellets and 

the thicker bar in the front corresponds to a sample taken at the mouth of Stenunge å, 

where a high accumulation of pellets was observed. (Reprinted with permission from Ma-

rine Pollution Bulletin). 

  

5 km 
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VERTICAL TRANSPORT 
Although floating plastics, such as polyethylene, can be transported horizontally over long 

distances, surface waters typically have low concentrations of plastics, as noted in Paper 

I. Some of this can be explained by beaching, as discussed in the previous section. How-

ever, models also show that a majority of the input of plastics will sink (Koelmans et al. 

2017a) and experiments show that the sinking behavior will depend on several factors, 

including material density, particle size and shape (Kowalski et al. 2016). Plastic particles 

ingested by zooplankton may be incorporated into fecal pellets and sink with them to the 

bottom (Cole et al. 2016), but they may also be affected by (bio-)fouling and changes in 

material density. Due to the limited data available on these processes, scientists have ex-

pressed the need for specific knowledge on how the vertical transport is affected by deg-

radation and biofouling (Critchell & Lambrechts 2016, Jahnke et al. 2017, Kowalski et al. 

2016, Rummel et al. 2017).  

In Paper III, the combination of increasing levels of biofilm formation and oxidation 

soon resulted in more neutral buoyancy of the polyethylene pieces in the field. At the end 

of the experiment (12 weeks), several of the particles had sunk to the bottom of the cages. 

Density measurements confirmed that the uncleaned particles had increased in apparent 

density. Additionally, measurements of cleaned particles also revealed a slight increase in 

material density (Table 2).  

Table 2: Summary of results related to biofilm, material density and apparent density for 

original and the most pre-degraded polyethylene after 0 and 12 weeks of field exposure 

(Paper III). 

 

0 weeks 

 

12 weeks 

 

 

Original Pre-degraded Original Pre-degraded 

Biofilm (% weight) 0 0 14 41 

Biofilm (% coverage) 0 0 88 93 

Material density (kg/m3) 919 947 920 951 

Apparent density (kg/m3) 919 947 917 980 

 

For the plastic films used in Paper III, biofouling continuously increased throughout the 
weeks with similar levels of coverage (% of surface covered) for all films but with a higher 
weight of the total biofilm and fouling organisms for the pre-degraded levels (Figures 5 & 
6). A typical succession order was observed, with a layer of biofilm consisting of microal-
gae, macromolecular adhesion bacteria and other microorganisms forming first, followed 
by an algal mat, and then invertebrates. The formation was however seen to be faster for 



33 
 

the pre-degraded material, especially for the two most degraded levels. This could be 
because the pre-degraded material is less hydrophobic which facilitates adherence. The 
pre-degraded material also showed several micro-cracks on the surface, which may have 
created a more favorable surface for fouling organisms.  

Figure 5: Representative pictures showing the changes throughout the field exposure for 

the plastic pieces that had not been pre-degraded and the most pre-degraded level.  

 

Figure 6: Non- degraded (A) and pre-degraded (B) PE pieces after 12 weeks field expo-

sure analyzed with SEM-EDS scans.  The green color indicates silica, predominantly due 

to diatoms on the surface (C); the red color indicates calcium, which was mainly due to 

coccoliths (D). (Reprinted from Marine pollution bulletin (Paper III) with permission). 

In terms of transport patterns related to material properties, it is also interesting to note 

that we found marked differences on beaches depending on whether they were exposed 

beaches, rural beaches subject to pollutants that had been transported further with cur-

Not predegraded Most predegraded 

4 weeks 

8 weeks 

12 weeks 

5 mm 
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rents, or beaches close to urban areas. In Paper V, polystyrene was, for example, almost 

exclusively found on urban beaches. This corresponds to our earlier measurements in the 

Oslo Fjord that showed higher concentrations of polystyrene closer to cities (Hassellöv et 

al. 2018). It could be conceived that the air in the expanded polystyrene gradually disap-

pears, and that the particles then lose their buoyancy, and therefore are rarely found on 

more exposed beaches or in surface waters in more pristine areas. 

As these effects may be dependent on seasonal and regional processes, the effects of bio-

film formation and degradation on polyethylene should also be studied in different types 

of environments and during less biologically productive seasons. Moreover, different 

types of plastics are likely to behave in different ways. For some areas and during parts of 

the year where the biological productivity is high, these processes can be fast. This was 

seen in Paper III, and demonstrates why a higher sampling frequency could give even 

better insights into these processes. Furthermore, it would be valuable to combine a simi-

lar setup with sedimentation studies through constructing deeper cages allowing for a 

more controlled sampling of the particles that sediment.    

CONCLUSIONS AND RECOMMENDATIONS 
A majority of all plastics ever produced still exist, and although most are still being used 

or are deposited in landfills, a significant portion has leaked out into aquatic environments 

(Geyer et al. 2017). Once there, different types of plastics will behave differently. Buoyant 

plastics can be transported far, as shown by pellets that have been encountered on remote 

islands far from petrochemical industries. But the mechanics of horizontal transport are 

not entirely straightforward as could be seen in Paper V where measurements with drift-

ers, calculations and field measurements all confirmed that a majority of the pellets re-

leased in the case study area ended up on beaches nearby. It is, however, not known how 

long they then reside on the beach until they re-enter the ocean. The transportation of 

plastics in aquatic environments gets even more complex when other factors such as ma-

terial size, density and shape are included. Even when restricted to one material class, 

such as polyethylene, this encompasses several different material grades with different 

properties, which may be further differentiated through the usage of additives. Here, we 

see that once the plastic ends up in the environment, processes of degradation, fragmen-

tation and biofouling will further alter these properties. Through focusing on polyeth-

ylene, we show here that although floating plastic particles can be transported far, they are 

also prone to beaching and sinking. The results show that their fate is highly dependent 

on interactions with natural processes which need to be taken into account when discuss-

ing the fate of plastics. The results also highlighted that there is a strong interdependency 

between degradation, fragmentation and biofouling; meaning that a more degraded piece 

of plastics will fragment easier and will have more biofouling than a non-degraded piece 

of plastics. Studies aiming to explain transport patterns of plastic marine debris should 

therefore consider the history of the material, in terms of degradation and biofouling, and 
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the effects that these processes may have on the properties of the material and its final 

fate.  

Taken together, the results from modelling, field tests and environmental samples show 

that 1) floating plastics are often likely to beach close to the source, 2) larger pieces will 

fragment with increasing rates as the material degrade and 3) plastics that are initially 

floating are likely to end up sinking due to changing material properties as a result of deg-

radation and biofouling. These results have consequences for monitoring as well as solu-

tion oriented initiatives. Since most of the plastics that enter the marine environment 

could be expected to eventually beach or sediment, monitoring or cleaning initiatives fo-

cused on surface waters are only targeting a small fraction of the problem. Moreover, 

plastics that have sunk or fragmented will be even more challenging to retrieve and there-

fore solution-oriented initiatives need to focus on intercepting the waste closer to the 

source. 



36 
 

CHAPTER 3: SOURCES OF PLASTIC PARTICLES IN 
NORTHERN EUROPEAN WATERS 

The question “where do plastics in coastal waters come from?” can be answered in a few 

different ways. The most straightforward answer is probably ”from us”. But in order to 

work efficiently with improving preventive strategies we may need to add some more 

complexity, especially since sources of plastic particles are almost as complex as the areas 

of usages are multifaceted.  

This chapter aims to provide an overview of sources of plastic particles in coastal envi-

ronments in northern European waters. Since different methods have different limita-

tions, field measurements in surface waters, sediment, beaches and biota from Papers I, 

II, IV and V will be compared to macro litter found on beaches, plastic usages and mate-

rial flow analyses.  

PLASTICS USAGE AND MATERIAL FLOW ANALYSES 
In 2017, 348 million tonnes of plastics were produced globally. Of those, 18.5 % were 

produced in Europe (Plastics Europe 2018). Plastics Europe reports that 39.7% of the 

plastic converter demand (i.e. the processing of plastic raw material into industrial and 

consumer products) are for packaging and 19.8% go to construction. In addition, 10.1% 

go to the automotive industries, 6.2% to electrical and electronics, 4.1% to household, 

leisure and sports usage and 3.4% to agriculture. The remaining converter demand con-

sists of a wide variety of products such as furniture, medical equipment and technical 

parts. In terms of polymer types, the most common are polyethylene (29.8%), polypro-

pylene (19.3%), polyvinylchloride (10.2%), polyethylene terephthalate (7.7%), polyure-

thane (7.7 %) and polystyrene (6.6%) (Plastics Europe 2018).  

It should be noted that the usage does not directly reflect the pollution pattern since cer-

tain products are more likely to end up in the environment (Kawecki & Nowack, 2019). 

Additionally, there are large transnational movements of plastics through import and ex-

port. So, in order to better understand the regional pollution patterns, estimates have 

been made of the input of different types of microplastics for several countries in north-

western Europe (Sundt et al. 2014, Lassen et al. 2015, Sherrington 2016, Magnusson et al. 

2016). These types of estimates are limited, especially due to the fragmented data availa-

ble, and the calculations build on sets of somewhat different assumptions. Nevertheless, 

they are reasonably comparable and through normalizing them to annual mass emissions 

per capita (in g/person) they help complement each other. The normalization to emis-

sions per inhabitants is, however, a crude measurement and some types of emissions are 

likely to be more dependent on the amount of industries rather than inhabitants.  

Common for the studies is that primary microplastics are less than 100 g/person/year, 

whereas microplastics generated from wear during usage are about seven times as high. 
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Most estimates did not include fragmentation from larger plastics, which could explain 

why estimates of microplastics fragmented from macroplastics post usage are relatively 

small. A more recent analysis of seven commodity polymers and their emission factors as 

macro and microplastics estimated that, by volume, macroplastics emissions are 12 times 

as high as microplastic emissions (Kawecki & Nowack 2019). It is reasonable to assume 

similar ratios in northern European coastal areas since the infrastructure is comparable. In 

regions with less advanced waste management the fraction of macroplastics can be ex-

pected to be even higher.  

Primary microplastics  

Primary microplastics are defined here as manufactured plastic particles below 5 mm in 

size (Figure 7). This includes preproduction pellets and fluff (a smaller preproduction ma-

terial, often used to make pellets), particles for cosmetics, abrasive media, paint formula-

tion ingredients, and plastic particles used in medical predicts and in research. Taken to-

gether they are an important part of the overall release of microplastics into the marine 

environment.  

Figure 7: Examples of primary plastics found in environmental samples. From left to 

right: microspheres, fluff and pellets. 

In regional estimates, the leakage of primary microplastics in cosmetic products is, how-

ever, considered a relatively small contribution to the overall load of microplastics in the 

marine environment (Sundt et al., Lassen et al. 2015, Sherrington 2016, Magnusson et al. 

2016). This type of particle can on the other hand be argued to be an unnecessary source, 

since it can easily be replaced by other materials (Fendall & Sewell 2009). Microplastics in 

medical products, on the other hand, might be more functionally important but are also 

not expected to leak much.  

Another important source of primary microplastics is preproduction pellets, which enter 

the environment through spills during production, transport and storage. These have 

been found in the marine environment since the 1970s (Hays & Cormons 1974). Re-

search has shown that, following the implementation of some preventive measures, the 

levels of plastic pellets in the environment decreased between 1986 and 2008 (Law et al. 

2010). As seen in Papers IV and V, spills are however still common.  

250 µm 

1 mm 200 µm 

1 mm 200 µm 330 µm 
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Material flow analysis and modelling have applied various emission factors (calculated 

estimations of leakage) to account for spills. In Norway, a factor obtained from commu-

nications between the Norwegian EPA and a factory which indicated a release of 0.04% 

of the produced volume, which gave an estimate of 2500 tonnes per year (Sundt et al. 

2014). In Denmark, Lassen and colleagues (2014) instead used an emission factor based 

on a survey carried out by the Danish Plastics Federation (Lassen et al. 2014). Although 

only three respondents admitted to spills, Lassen and colleagues used these numbers to 

calculate an emission factor between 0.0005% and 0.01% of the produced plastics. The 

study in Paper IV showed a lower annual continuous release between 0.00004% and 

0.0004%. This release was only from the production plant and it was noted that additional 

spills happen during overflows, storage and transportation and therefore the emission 

factor calculated by Lassen and colleagues (2014) seems realistic.  

Assuming that the level of leakage of primary plastics we observed in Paper IV is some-

what representative for other European production plants, a rough estimate would be an 

annual leakage between 26 and 260 tonnes, based on overall European plastics converter 

demand data (PlasticsEurope 2018). If the estimates calculated by Lassen and colleagues 

(2014) are representative for the overall production and transportation chain, this would 

instead amount to an annual release of 300-6 000 tonnes due to leakages associated with 

production, transportation and storage of plastic preproduction materials in Europe. The 

data from regional estimates (Sundt et al. 2014, Lassen et al. 2015, Sherrington 2016, 

Magnusson et al. 2016) all show that leakages of preproduction materials from the pro-

duction and transportation chain are about 30 times higher than the leakage of microplas-

tics from cosmetics and other consumer products.   

Secondary microplastics  

Secondary microplastics are often defined as plastic particles below 5 mm that are gener-

ated through wear and tear during and after usage (Figure 8) (Hartmann et al. 2019). Ac-

cording to the regional estimates three main categories of particles that occur due to wear 

during usage are particles associated with shipping and marinas, textiles and tires (Sundt et 

al. 2014, Lassen et al. 2015, Sherrington 2016, Magnusson et al. 2016).  

The regional material flow analyses from Sweden indicate that particles generated through 

wear of boat paint, floating docks and marinas amount to 48-158 g/person/year (Mag-

nusson et al 2016). These are not the most dominant sources of pollution to the envi-

ronment overall, but since they are directly shed into the marine environment they make 

up an important fraction of the microplastic litter. Boat paint can be particularly trouble-

some since it often contains additives intended to prevent fouling such as copper, zinc 

and biocides.  
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Figure 8: Examples of secondary microplastics found in the environment. From left to 

right: expanded cellular plastics, other fragments and synthetic fiber fragments. 

Textiles on the other hand, according to the regional estimates, are expected to provide a 

smaller source to the marine environment (0.4-10 g/person/year) (Lassen et al. 2015, 

Magnusson et al. 2016) since many of them are removed in waste water treatment plants 

(Talvitie et al. 2017). But since roughly half of the sewage sludge in Europe is used to fer-

tilize fields or other land masses (Davis & Hall, 1997, Kelessidis & Stasinakis 2012), the 

fibers are still likely to end up as pollutants in the environment. 

Tires are often discussed as a major source of plastic particles in the marine environment 

and the regional estimates range between 87-418 g/person/year (Sundt et al. 2014, Lassen 

et al. 2015, Sherrington 2016, Magnusson et al. 2016). The high number can in part be 

explained by the fact that it is relatively easy to estimate the input or loss rate. But it is 

also a consequence of current high levels of traffic. In addition, storm waters are often led 

to water recipients without any treatments (Raspati et al. 2017), further spreading the pol-

lutants in the environment. Moreover, scrap tires are often used as filling materials for 

artificial turfs, which have also shown to leak into the environment (Krång et al. 2019).  

Post-usage macroplastics that end up in the environment can be expected to generate in-

creasing levels of microplastics as the material degrades, as shown in Paper III. For some 

plastics it is hard to draw a line between wear during and post usage. One example is agri-

cultural plastics that can spread both during and after use. Annually, about 6.5 million 

tonnes of agricultural plastics are produced (Scarascia-Mugnozza et al. 2011) and in Eu-

rope, 3.5% of the total conversion demand are for agricultural plastics. Common usages 

include plastic mulch films which can rarely be recycled (Sintim & Flury 2017). Addition-

ally, there is concern that the plastic fragments generated during usage are left in the soil 

(Sintim & Flury 2017). In Switzerland, Kawecki and colleagues (2019) showed that agri-

cultural plastics are a major source of plastics to soil environments, but there are currently 

no reliable estimates on the leakage into marine environments, and agricultural plastics are 

often excluded from these types of estimates (Sundt et al. 2014, Lassen et al. 2015, Sher-

rington 2016, Magnusson et al. 2016).  
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One important example of mismanaged plastic waste is lost, abandoned or derelict fishing 

gear. This type of litter, often referred to as ghost nets, is known to occur in high volumes 

in the environment (Brown & Macfadyen 2007). They also have several documented neg-

ative effects especially related to continued fishing (Macfadyen et al. 2009). In the marine 

environment, fishing gear has also been shown to fragment and thus to release microplas-

tics (Montarsolo et al. 2018). Due to the lack of reliable data it is often not included in 

estimates of microplastics. It was however included in the Swedish estimates where it 

when recalculated to microplastics/g/inhabitant, corresponds to 2.5 g per year (Magnus-

son et al. 2016), making it one of the smaller contributions to the overall microplastics 

load.   

When data from Sweden, Denmark, Norway and the UK is compared and normalized to 

tonnes per million inhabitants, it indicates that fragmentation of particles from larger mu-

nicipal solid waste items is an important source of microplastics in the marine environ-

ment even though there is a large uncertainty span (Jambeck et al. 2017, Geyer et al. 

2017). Fragmentation from macrolitter is often excluded in material flow analyses due to 

lack of data, while estimates that included this information suggest that it is one of the 

main sources of microplastics. Similarly, in Switzerland Kawecki et al. (2019) showed that 

consumer packaging was the largest macroplastic emission to soil. This can be due to in-

tentional and unintentional littering and due to leakages in waste management systems.  

COMPOSITION IN FIELD STUDIES 

Macroplastics 

Schwarz and colleagues (2019) reviewed existing literature on the composition of plastic 

litter in the environment and found that while packaging and consumer products were the 

most common litter types found in rivers, fisheries items were dominant in marine envi-

ronments. They also reported that plastics from transport, building and construction, and 

industry were not observed in any of the studies. This conclusion is, however, based on 

only two surveys, one of which had classified 93% of the plastics as “unknown” (Schwarz 

et al. 2019). Larger data sets such as the OSPAR marine litter surveys might be more suit-

able in comparing litter types, although the comparability between locations in those sur-

veys has also been questioned (Pfeiffer 2019). 

A summary of beach litter data from European cities shows that the most common litter 

items are plastic and polystyrene fragments, followed by lines and cigarette butts (Adda-

mo et al. 2017). There are regional differences and in order to compare the microplastic 

data for the exposed beaches that we sampled in Paper V, the OSPAR data for those 

specific locations were summarized. Amongst the 56 957 objects that were registered be-

tween 2001 and 2017, 98% were plastics. Of the plastics, 38% were strings (ropes and 

lines with a diameter less than 1 cm) and 29% were plastic pieces of varying sizes. Other 

common plastic categories included; caps (5%),  ropes (5%) sanitation products (3%), 
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industrial plastics (2%), plastic bags (2%), chips bags (2%), packaging strings (2%)  and 

fishing equipment (aside from rope) (0.5%).  Strings, ropes and fishing equipment are all 

likely to originate from sea-based activities and together make up more than 40% of the 

found objects. On a global level, abandoned, lost or otherwise discarded fishing gear is 

also thought to be an important contributor to marine litter, since environmental studies 

have shown that they make up 1-46% of the litter, dependent on location (Gilman et al. 

2016), which could indicate that sea-based activities are underestimated in the material 

flow analyses. 

A less stringent reporting system than that of OSPAR was used by Ocean Conservancy 

where one million volunteers participated in beach cleaning initiatives in over 122 coun-

tries and picking up 10 000 tonnes of litter in one day (Ocean Conservancy 2019). Their 

results showed that cigarette butts were the most common litter item, followed by food 

wrappers, straws/stirrers, cutlery, plastic beverage bottles, plastic bottle caps and plastic 

grocery bags – all single use items. Similar results have been reported on Swedish beaches 

closer to urban areas, where approximately 70% of the plastics that were found were 

characterized as single-use items, with 68% of the total litter being identified as packaging 

materials (Håll Sverige Rent 2014).  

For macrolitter, it is therefore interesting to note that the relative composition on beaches 

changes along the Swedish and Norwegian west coast. Although the examples mentioned 

above use different protocols, comparisons of similar protocols show similar trends, such 

as an increased occurrence of single-use packaging closer to bigger cities whereas the 

northernmost part of Norway showed a higher fraction of derelict fishing equipment 

(Briedis et al. 2018).  

Microplastics 

Primary microplastics that are used in cosmetics and similar applications are often diffi-

cult to identify, as such, in environmental samples since they have several appearances. 

Some types of primary microplastics are, however, easier to quantify, such as preproduc-

tion pellets (also known as “nurdles”). When compared to other types of microplastics, 

pellets are relatively large and have a typical size of a few mm. In Paper V, field meas-

urements confirmed that pellets and fluff make up important fractions on several beaches, 

both on those close to production plants as well as wave and wind exposed beaches locat-

ed further away. Paper IV showed that, although there are no existing international 

frameworks or European laws specifically aimed at plastic pollution due to industrial 

spills, there are several European and national regulations and laws that are applicable. If 

they were to be fully implemented, they would improve prevention of leakage associated 

with production, transport and storage.   

Aside from the pellets and the fluff identified in Paper V, beaches also frequently fea-

tured microspheres, spherical (or spheroid) particles which can be solid or hollow (the 

latter sometimes being called “micro balloons” in technical contexts). Chemical identifica-
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tion in Papers I and V showed that these were either made up from PMMA or glass. 

Other studies have also found similar beads made up of polystyrene (e.g. Mani et al. 

2014). PMMA microspheres can be used as raw material for a wide range of manufactur-

ing applications, usually as light-weight fillers in polymer composites in aviation, furniture, 

lighting, construction and electronics (Mani et al. 2014). Most of the microspheres here 

showed no signs of degradation or tear and it is therefore plausible that they originated 

from spills of industrial raw materials.  

A majority of the particles found in Papers I, II and V, as well as in our other environ-

mental samples (Karlsson et al. 2016, Hassellöv 2018a, Hassellöv 2018b, Karlsson 2019) 

were, however, fragments (figure 9), often referred to as secondary microplastics. This 

indicates a diffuse and complex source pattern.  The compositions differed depending on 

particle size and sampling location. In surface waters taken close to a smaller urban area 

on the Swedish west coast (Lysekil), 81% of the plastics were fragments (51% of the mi-

crolitter when paraffin was included). Of the fragments, 30% were expanded polystyrene. 

In the smaller fractions, PMMA microspheres were also a big fraction (18%). In surface 

water samples taken in Stenunge å, outside a plastics industry, the particle composition 

was instead dominated by pre-production pellets and fluff (Paper IV).  In beach samples 

taken close to urban areas, the samples consisted of pellets, fluff and fragments; of which 

30-94% were expanded polystyrene. On exposed beaches the samples also had a high 

percentage (50-100%) of fragments but only 0-42% of the particles were expanded poly-

styrene. Hollow microspheres were more common on the exposed beaches (Paper V), 

possibly due to their effective buoyancy.  
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Figure 9: Simplified particle composition in different types of samples with images of 

representative particle types; A) Surface waters collected with a trawl outside small urban 

settlement (Paper I) B) Surface waters collected with a trawl in a river outside a plastic 

production industry (Paper IV) C) Beach samples collected from 2 urban beaches along 

the Swedish west coast D) Beach samples collected from 2 exposed beaches along the 

Swedish west coast (Paper V). Number of analyzed particles denoted with n. Fragments 

are shown as combined results from different types of fragments including irregular, ex-

panded cellular and synthetic fibers. 
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Except for the samples taken outside of the plastic industry, where preproduction materi-

als dominated, it was noted that throughout the different studies there was a wide variety 

of different types of plastic particles. The particles differed in terms of size, level of deg-

radation and shape but a majority of the particles were fragmented pieces that belonged to 

the main polymer groups of polyethylene, polypropylene and polystyrene. This corre-

sponds to similar environmental studies in the literature (Schwarz et al. 2019, Wu et al. 

2019).   

The high percentage of polystyrene in locations close to urban areas is, however, especial-

ly interesting considering the relatively low percentage of polystyrene converter demand 

(6.6 % of the total European plastic converter demand). Although there could be a higher 

percentage total usage due to import it also illustrates that some types of plastics or plastic 

products can be especially prevalent due to how and where they are used. 

In accordance with the field studies, the compilation of regional material flow analyses 

also indicated that fragmentation during and post usage would be the main source of plas-

tics in the environment. According to those estimates, 8% of the plastics would be prima-

ry plastics such as pellets, fluff and microspheres. The environmental samples do however 

indicate a somewhat higher relative prevalence ranging from 19% in surface waters out-

side a smaller urban area to 91% in surface river waters outside a plastic industry. Alt-

hough large regional differences are to be expected and the samples taken outside a plas-

tics industry should not be treated as representative for environmental samples overall, 

these results illustrate that primary plastics are still an important contributor to the overall 

input of plastic particles in these size fractions.  

As previously discussed, the composition varies depending on location, but it can also 

vary dependent on the matrix. Although floating particles can be expected to eventually 

sink as a consequence of degradation and biofouling as shown in Paper III, high density 

particles will sink more readily and therefore accumulate closer to the source. Moreover, 

as seen in Paper I, the sample composition can differ depending on sampling method. 

Another factor that will affect the composition in the sample is which size fraction one 

looks at.  Figure 8 shows that pellets were rarely found in size classes below 1 mm where-

as fluff and microspheres where more common in those sizes. For smaller fractions (be-

low 300 µm) fibers are often the predominant microplastic type in terms of numbers 

(Browne et al. 2011, Desforges et al. 2014 & Lusher et al. 2014), which was also noted in 

Paper II for water, sediment and invertebrate samples.  
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CONCLUSIONS AND RECOMMENDATIONS 
The composition of plastics in terms of polymer types is important in risk assessments, 

fate predictions, and in understanding potential source patterns. Different types of esti-

mates produce different results regarding the relative importance of different sources and 

large regional variation should be expected. It should also be noted that it is challenging 

and can at times be impossible to match a material flow analysis with the results from 

environmental measurements. A tire particle in the environment could for example origi-

nate from tire usage or from artificial turfs. An expanded piece of polystyrene could come 

from a packaging or building materials. Moreover, the compositional analysis will be dif-

ferent depending on size, location and matrix. Nonetheless a combination of material 

flow analysis and compositional studies of what we find in environmental samples will 

most likely provide a better-rounded picture.  

Our results show that even though it has been discussed since the 1970s, industrial spills 

remain an important source of plastic pollutants as seen both in Paper III and V. This 

illustrates how limited accountability could be argued to be one of the root causes for 

plastic pollution. Sources of plastics in North European coastal waters are mainly diffuse 

which is why it is often hard to assign accountability. Even when this is possible, account-

ability is rarely enforced, as seen for pellet spills in Paper III.  

In terms of comparing different sources to each other, it is clear that different approaches 

have different strengths and limitations. Material flow analyses can for example provide 

clear estimates on tire particles that can then be confirmed with environmental sampling. 

Studies on beach litter composition show the importance of packaging material, which is 

supported by modelling of material flows and the extensive uses of plastic packaging ma-

terial. Microplastic analyses in field samples illustrate the relative importance of certain 

particles such as pellets and microspheres that can otherwise be underestimated. Micro-

plastic analyses are also important to identify specific types of primary plastics that might 

otherwise be overlooked, such as the PMMA microspheres. The work presented here 

shows that composition results from field studies will vary depending on size, matrix, 

sampling location and sampling method. Studies will therefore need to be carefully de-

signed to answer the questions at hand.   

Linking microplastic studies to macroplastic studies makes sense since the majority of the 

plastic input to the environment is estimated to be in the form of macroplastic (Kawecki 

& Nowack, 2019). Amongst the smaller size fractions, the most common types of plastic 

particles are fragments of different shapes, colors and polymers. Material flow analyses, 

plastics converter demand and beach findings all indicate that the main source of plastics 

in the environment is packaging materials and other types of single-use plastics.  The 

fragments are often transparent, and the majorities are polyethylene, polypropylene and 

expanded polystyrene, which are also the main polymers used in plastic packaging.  
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Other than the dominating prevalence of packaging and other single-use material, the ex-

act relative contributions of different sources are highly complex, as illustrated by the 

many uncertainties in data from material flow analyses, usage and compositional analyses 

in the environment. The existing data does not provide enough reliability to rank the 

sources in terms of relative importance but there is data to confirm several main contribu-

tors to marine litter that are all 1) high production volumes, 2) have shown to have signif-

icant points of leakage to the marine environment and 3) are found in the marine envi-

ronment. Seven product categories that fit these descriptions are: single-use materials 

(bags, cutlery, straws, cigarette butts etc.), building materials, fishing equipment, clothes 

(especially due to shedding of fibers during washing and wearing), agricultural plastics, 

tires and preproduction materials.  
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CHAPTER 4: REFLECTIONS ON THE RESULTS IN A 
WIDER CONTEXT 

Early plastic pollution studies were conducted far out at sea and created a narrative that 

was focused on consumer excess and the capacity of human society to affect nature (De 

Wolff 2014). This image of the long transport of pollutants stood in contrast to a previ-

ous notion that the oceans were too vast and too resilient for humans to affect. Plastics 

were already in the 1970s documented to follow the currents to areas far away from hu-

mans (Heyerdahl 1971). But the accumulation of plastic debris in ‘ocean gyres’ first start-

ed to gain public traction when Charles Moore ‘discovered’ plastic pollution in the Pacific 

(Moore et al 2002). Following his experiences, he and several non-governmental organiza-

tions worked hard to create change.  Moore’s findings were later picked up by media and 

in 2004 the narrative of the “plastic island” emerged. A Russian newspaper, Pravda, talked 

about a ‘trash island’ in the Pacific (de Wolff 2004). The article in Pravda in turn cited a 

German journal; Geo, that described the phenomenon as a plastic carpet. Later analysis of 

the emerging narrative of the plastic island concluded “how the carpet turned into an is-

land remains a mystery of English-German-Russian-English translation” (De Wolff 2014).  

This narrative, however, grew to staggering proportions where the main story was that 

plastic islands were forming in the middle of the ocean, and the headlines were often ac-

companied with illustrative photos of piles of garbage in the water. Solution-oriented ini-

tiatives, with the aim to clean up the pacific and remove the islands, soon followed. The 

problem with this narrative is that there never was such a thing as a “trash island” in the 

middle of the Pacific. In an attempt to clarify, Moore instead started to describe the phe-

nomenon as a plastic soup (Moore 2011), whereas other scientists described it as plastic 

smog (Liboroin 2016). Both the narrative of the plastic soup and the smog lacks some of 

the tangibility of the garbage islands, but could be argued to hold a far more alarming nar-

rative, as it shows that the problem is much more complex than an isolated island in the 

Pacific. In order to understand this complex issue, it is important that the problem is ac-

curately described to avoid misunderstandings.  

Plastic materials are important components of our society. In terms of sustainability, plas-

tics have, for example, increased the possibility of transport of clean water to areas where 

it would otherwise be challenging to come by (Wisner et al. 2002, Njeru 2006), thereby 

improving our capacity to work with the UN sustainability goal 6 (UN nations general 

assembly 2015). Plastics are also important in healthcare (Andrady & Neal 2009) (goal 3) 

and since plastics are typically light-weight materials, they can help decrease emissions 

from transport (goal 13) (Hekkert et al. 2000). But the way that we use plastics today is 

not part of a sustainable and responsible production and consumption (goal 12), which is 

the reason why we can observe negative consequences, for example in the form of pollu-

tion, on land (goal 15) as well as in the ocean (goal 14). In addition, somewhat ironically, 

the large quantity of plastic waste has – through increased flooding and clogging of storm 
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water drains – a negative effect on our possibility to guarantee clean water and sanitation 

(Njeru 2006) (goal 6), which, in combination with some of the chemicals that are used in 

plastic products (Groh et al. 2018) and inadequate waste management, can in turn affect 

human health (goal 3). Since most plastics are made from fossil fuels, the high consump-

tion levels also have a negative effect on the climate goals (goal 13). It therefore seems 

that, although plastics may be important components of creating sustainable societies, the 

current consumption patterns need to be altered.  

As a symptom of unsustainable consumption patterns, plastic pollution differs from other 

symptoms, such as climate change, ocean acidification or chemical pollution, in a few 

ways: 1) plastic products have tangible roles in our everyday lives 2) parts of the problem 

are very visual, which may be why 3) there are virtually no plastic pollution deniers (Phal 

et al., 2019). This tangibility and the ease by which the main body of the problem can be 

communicated facilitate collaborations between stakeholders. Through research, citizen 

science, voluntary initiatives and art projects, plastic pollution has reached high on the 

political agenda, which recently led the UN to declare ‘war on plastic pollution’ (UNEP 

Newscenter 2017).   

But during the past 5-10 years, as the field has grown, the focus on plastic pollution, and 

especially on microplastics, has been increasingly questioned. One research group even 

went as far as to suggest that it is a convenient distraction from other, more urgent, chal-

lenges such as climate change and overfishing (Stafford & Jones 2019a). This was fol-

lowed by debates (Avery-Gomm et al. 2019, Stafford & Jones 2019b). The level of risk 

that microplastics constitute in the marine environment has also been debated (Burton 

2017, Koelmans et al. 2017b, Backhaus & Wagner 2018, Hale 2018, Avery-Gomm et al. 

2019). In this last chapter, the results outlined in previous chapters will therefore be put in 

to the context of the current debate on plastic pollution as a sustainability challenge, 

through discussing risks associated with plastic pollution as well as potential solutions.  

A FEW NOTES ON RISK 
As risk is defined as the likelihood of harm based on a combination of hazard and expo-

sure the results presented in this thesis, which are more related to exposure, are in them-

selves not enough to quantify the risk plastic particles in the marine environment cause.  

The mere presence of microplastics does not mean that they necessarily constitute a risk, 

since most studies indicate that high concentrations of microplastics are needed in order 

to cause harm (Koelmans et al. 2017, Everaert et al. 2018, Besseling et al. 2019). In sur-

face waters, these concentrations are rarely reached as illustrated by the results in Paper I.  

There are, however, other areas in the marine environment where the accumulation of 

plastic particles can reach levels of concern. In Papers III, IV and V, we showed that 

floating plastics beach and sink, and other studies have confirmed high concentrations in 

sediment (Karlsson et al 2019). Ballent (2016) summarized the average microplastic con-

tamination in marine and freshwater sediment from beach studies worldwide. The averag-
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es varied between 0.1 and 5 000 particles/kg d.w. The lower size cut-off limit was not 

reported in all of the studies but the studies that reported numbers above 500 particles/kg 

d.w. included samples below 100 µm (Vianello et al. 2013, Mathalon & Hill 2014, Ballent 

et al. 2016).  This makes our results in Paper V especially noteworthy as they are they are 

up to 10 times higher than previous studies for the pooled samples, and up to 360 times 

higher for the sample with the highest concentration, than existing studies even though 

we had a lower cut-off limit of 300 µm.  Since we saw increasing concentrations with de-

creasing size fractions, the concentrations are likely to be even higher below 300 µm. 

Moreover, the concentrations found on beaches along the Swedish west coast in Paper V 

are also higher than current roughly estimated no-effect concentrations (Everaert et al. 

2018). These high concentrations therefore show the effect of hotspots and the necessity 

to differentiate between different types of environments when discussing risk. 

This also illustrates the discrepancy in size between field data and effect-studies. Expo-

sures are likely underestimated since most analyses have focused on larger particle sizes 

than the ones that are being used to test for environmental effects (Everaert et al. 2018, 

Hale 2018), meaning that we still don’t have an adequate understanding of current envi-

ronmental concentrations.  Moreover, the term microplastics covers a wide range of dif-

ferent types of particles with different properties, and extrapolating risk from tests on one 

type of particle might not provide an accurate estimation of risk for others. Additionally 

there are large differences between species. Liboroin and colleagues (2018) showed that 

no microplastics were found in 41% of the fish species that have been examined in Euro-

pean studies. They noted that low sample sizes were an issue in 66% of the studies, but 

the results still illustrates that different species will have different levels of exposure to 

microplastics. Furthermore, as shown in Paper V, the concentrations vary by several or-

ders of magnitude depending on where the samples are taken. Taken together this shows 

that it is challenging, or maybe not even possible, to extrapolate current scientific data to 

provide a general assessment of risk, since the risk is likely to differ depending on several 

factors such as location and species, as well as particle size and type.  

Considering that a majority of the plastic usage happens on land it is also important to 

study the potential risks associated with plastic particles in terrestrial environments as re-

cent studies suggest several potential risks that can be associated with microplastics in 

terrestrial environments (de Souza Machado et al. 2018). Still, it is common in northern 

Europe to disperse sewage water sludge on fields.  Modern agricultural practices also use 

a lot of plastics that stays in the fields, which has been identified as a major source of 

macro and microplastics to the environment.  This illustrates the importance of including 

the full emission to the environment in material flow analysis, as there is nothing to sug-

gest that it is more of a marine problem, nor is it reasonable, in most cases, to treat ma-

rine and terrestrial environments as separate entities.  
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When discussing risk associated with plastic pollution overall (i.e. not limited to micro-

plastics), we need to differentiate between different types of materials and products since 

some are more or less likely to cause harm. This is especially clear with fishing nets. Even 

though some of the estimates of fishing net losses indicate that they are a comparatively 

small source of microplastics in particular and plastic litter in general, the consequences of 

ghost-fishing and entanglement are well-documented. In the Baltic, for example, the total 

catch of cod by lost fishing nets has shown to correspond to between 0.01% and 3.2% of 

the total weight of reported and landed cod in that same area. In the southwestern waters 

of the north-east Atlantic the ghost net fishing corresponds to between 1.46% and 4.46% 

of the total commercial landings of monk fish (Brown & Macfadyen 2007).  

In fact, if we focus too much on microplastics in sea-food or in marine compartments far 

away from the sources, we risk pulling the focus away from the root of the problem: the 

way in which we produce, consume, use and dispose of plastics. Even though there is 

limited proof that – at current pollution levels – microplastics pose a risk to marine eco-

systems it remains important to see what they symbolize: long-term consequences of 

short-term conveniences. 

SOLUTIONS TO PLASTIC POLLUTION 
A wide range of strategies has been suggested, and to some extent implemented, to de-

crease plastic pollution. Here, I would like to examine a few of them from the perspective 

of the results presented in this thesis.  Several suggested solutions are focused on mitigat-

ing the pollution that has already accumulated in the environment. Considering the 

amount of plastics that have already entered the oceans, some level of end-of-the line so-

lutions, such as clean-up and other mitigation initiatives, might be required, but for those 

it is important to prioritize the more efficient approaches. Here the narrative of the plastic 

islands, as a false problem description, contributes towards a skewed focus. As seen in the 

results in Papers III, IV and V, floating plastics are likely to sink or get stuck on beaches 

and the pollution levels are often higher closer to the source. Thus, mitigation initiatives 

can be expected to be more efficient closer to the source of the problem.   

This can be further exemplified by comparing initiatives aimed at cleaning the ocean gyres 

to beach cleaning initiates.  The Ocean Clean-up, a project attempting to clean up floating 

marine litter in the Pacific, has developed a prototype. According to estimates by Boyan 

Slat, as published in National Geographic (Parker 2019) the device, if functional, should 

be able cleanup 45-70 tonnes of plastic in one year. This is comparable to the 60 tonnes 

of plastics that were collected in the relatively small region of Bohuslän during 2018 (Ren 

och Attraktiv Kust 2018). The Ocean Clean-ups future full fleet is estimated to clean 13 

000 tonnes annually (Parker 2019), which could be compared to the Ocean conservancy’s 

annual cleanup where, in 2018, 10 000 tonnes were cleaned up from beaches in one day 

(Ocean Conservancy 2019). Since it is more accessible to clean up beaches, it is likely to 

both be more energy and cost efficient. Furthermore, Cordier and Uehara (2019) estimat-
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ed that a significant cleanup effort (defined as the removal of 135 million tons of plastics 

from the ocean) would come at a cost equal to 1% of the global GDP.  

An even more efficient approach would be to focus cleaning efforts on pathways before 

litter enters the marine environment, since a lot of the plastics will be transported to the 

ocean through a few significant pathways. One example is storm water, which often is led 

directly to water recipients without any treatment (Raspati et al. 2017). Other important 

pathways are rivers, especially those passing through urban and industrial areas (Lechner 

et al. 2014, Fok & Cheung 2015, Lebreton et al. 2017, Leslie et al. 2017). Thus, for mitiga-

tion measures there seems to be a clear relationship between efficiency and proximity to 

source. Hence cleaning up rivers (pathways) is most likely more efficient than cleaning up 

a beach, which in turn is more efficient than cleaning up surface waters in the gyres.  

Preventive solutions would, however, be even closer to the roots of the problem than 

mitigation. In the case if ghost nets preventive measures have also been shown to be 

more efficient than mitigation measures (Brown and Macfayden 2006). Considering the 

challenges of access for cleaning up plastics in the environment due to long-range trans-

portation, sinking and fragmentation, preventive measures can in general be expected to 

be more efficient than mitigation.  

The relationships between different types of preventive measures are complex, as illus-

trated in the conceptual graph in Figure 10. Often, preventive measures can roughly be 

divided into short-term solutions such as improved waste management, or long-term so-

lutions such as circular economy initiatives, where the long-term solutions would in gen-

eral be more efficient (Macfayden et al. 2016). But not all preventive strategies will – when 

considering the overall amount of pollution – be more efficient than some of the mitiga-

tion strategies, even if they are directed closer to the origin of the problem. The mi-

crobead ban, for example, will be directed closely to the roots of the problems through 

removing an often unnecessary material from usage. But since it is directed toward a rela-

tively low volume it is not expected to have a strong effect on the overall pollution levels. 

In contrast, implementation of existing regulatory frameworks to prevent plastic spills 

during transport, storage and production would be directed toward a larger volume, as 

shown in Chapter 3 where preproduction materials were identified as an important com-

ponent of the overall plastic litter.  
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Figure 10: Conceptual graph showing the expected relative efficiency of some of the 

proposed solutions to plastic pollution, contrasted with the distance to the source of plas-

tic pollution. 

Concerning the overall composition of the microplastic pollutants, a key result repeated 

throughout Papers I, II, and V, is that a majority of the particles are fragments. Preven-

tive strategies against microplastics therefore need to have a strong focus on how to avoid 

macroplastic pollution, as well as pollution caused by wear during usage, close to the 

point of release. Five important categories of macroplastics were identified in Chapter 3: 

fibers, agricultural plastics, tires, building materials and single-use materials.  

Different sources might require different types of solutions. As discussed in Chapter 3, 

distribution of fibers could in part be remedied through re-evaluating the usage of sludge 

on farmland. Microplastics are, however, not likely to be the biggest risks with using 

sludge, since it can contain several other types of pollutants, such as polyaromatic hydro-

carbons (Li & Ma 2016) and pharmaceutical residues (Magner et al. 2016). Moreover, the 

overall use of agricultural plastics, particularly as mulch, might need to be re-evaluated 
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considering the associated difficulty in retrieving and recycling that type of plastics. The 

leakage of tire particles, on the other hand, could be reduced through improved storm 

water treatment, which is also an important pathway for several different types of envi-

ronmental contaminants.  

A notable portion of the fragments in the studies reported here, especially closer to urban 

areas (Papers I and VI), were expanded polystyrene. Although expanded polystyrene is 

often used in packaging, the majority of the produced expanded polystyrene is used in 

construction (Plastics Europe 2018). Preventive measures aimed at decreasing the leakage 

of expanded polystyrene into the environment should therefore include an examination of 

how potential leakage and mismanaged waste could be prevented during construction 

work.  Overall, emission models suggest that leakage from construction work could be 

prevented through changed routines, especially regarding waste management (Kawecki & 

Nowack 2019).  

Related, one short-term solution that could have a strong effect on macroplastic pollution 

is an overall improved waste management. Improvements are continuously being made 

but the level of change that is necessary requires substantial advances; Jambeck and col-

leagues (2015) estimate that a 75% reduction in the input of plastics in the ocean could be 

achieved through an 85% improvement of waste management in the top 35% countries 

with the highest levels of mismanaged plastic waste. It is also important to note that, aside 

from contributing to a decrease in plastic marine debris, improving waste management 

would come with several further benefits. Current practices related to uncollected solid 

waste contribute to respiratory ailments, dengue fever, diarrhea, air pollution and flooding 

(as reviewed in: Hoornweg & Bhada-Tata 2012). It is also an economic issue; the global 

cost for municipal solid waste is expected to increase by a factor of 1.8 by 2025, com-

pared to costs in 2012, resulting in an annual cost of 375.5 billion USD. These increases 

will be highest in low- and lower middle-income countries. In fact, solid waste manage-

ment is already the single largest budgetary item of cities in lower income countries 

(Hoornweg & Bhada-Tata 2012). The multitude of benefits that would arise from an im-

proved waste management illustrates the importance of considering the bigger perspective 

when discussing solutions to plastic pollution. The transboundary nature of plastic pollu-

tion in the marine environment, however, complicates governance solutions (Borrelle et 

al. 2017, Vince & Hardesty 2017). Especially since, in most cases, solid waste management 

is one of the few services that have been identified to fall entirely within the local gov-

ernments’ jurisdiction (Hoornweg & Bhada-Tata 2012).  

The European plastics strategy has a strong focus on improved recycling (European 

Commission 2018), which is one aspect of improving waste management. Improved 

waste management can, however, be argued to be a short-term solution to the issue of 

plastic pollution (Löhr et al. 2017), since the underlying challenges are often associated 

with the high level of consumption of plastics. This is especially evident for single use 
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materials, which, as noted in Chapter 3, are often identified as key components in marine 

litter studies. Although waste management can help with the symptoms, a more long-term 

solution would be to decrease unnecessary use of single-use items. 

There are already several incentives to reduce the usage of plastics, including bans, subsi-

dies, taxes and behavioral interventions (Xanthos & Walker 2017, Schnurr et al. 2018, 

Abbott & Sumaila 2019). Different incentives are suitable for different types of plastics. 

Bans can for example be efficient in cases where the benefits of the materials are low and 

the costs are high (Abbott & Sumaila 2019). Fees on waste disposals are intended to de-

crease material usage but have been criticized since they require a high level of control to 

avoid illegal dumping (Abbott & Sumaila 2019). A more efficient way to incentivize a 

lower level of consumption might therefore be to introduce advance disposal fees (Ab-

bott & Sumaila 2019). Extended producer responsibility is also often suggested as meas-

ure to incentivize greener design (Landon-Lane 2018, Abbott & Sumaila 2019).  A change 

in material usage patterns could bring several added benefits and the world economic fo-

rum recently analyzed the material value loss for plastic packaging and found that 95% is 

lost after a short first-use cycle, equivalent to an annual loss of 80-120 billion dollars 

(Neufeld et al. 2016). They also conclude that a shift from the current linear system to a 

circular economy in the consumer goods sector (especially packaging) could generate a 

706 billion dollars economic opportunity (Neufeld et al. 2016). To date, there is, however, 

limited accountability for companies involved in plastic design, production and usage. 

Due to the associated complexity of plastic pollution and plastic usage, it might be neces-

sary to combine several different incitements such as hard law, soft law and corporate 

social responsibility in order to evoke meaningful change in creating a more sustainable 

use of plastics (Landon-Lane 2018). Legislation and policy need to work both with reduc-

ing the quantity of plastic waste that is generated, and the hazard of the plastics that is 

being used (Raubenheimer & McIlgorm 2018), thereby bringing the solutions closer to 

the roots of the problem. 

It is important to note that replacing single-use plastics with other single-use materials is 

often not very efficient. Exchanging plastics for paper might, for example, seem like a 

good idea but life-cycle analysis show that plastic bags actually have a lower environmen-

tal impact (Lewis et al. 2010). Atmospheric emissions for plastic bags are for example 60-

70% lower than for paper bags and even at zero recycling rate plastic bags contribute to 

less waterborne emissions than paper bags (Lewis et al. 2010). It has also been shown that 

plastic bags use less energy at current recycling rates (Lewis et al. 2010). Furthermore, 

Carrefour, a French retailer, showed that regardless of material (polyethylene, paper, bio-

degradable plastics) a reusable polyethylene bag was a better option than single-use carry 

bags; if used at least four times (cited in Lewis et al. 2010). There are however several as-

pects to take into consideration and a life cycle analysis on packaging used for olive oil 

showed that using glass would have a lower environmental impact (with respect to global 

warming potential, ozone layer depletion, non-renewable energy use, acidification, eu-
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trophication and photochemical smog) than PET, if a high degree of the waste would be 

recycled (over 40%), especially if the remaining waste was assumed to go to landfill. How-

ever, using recycled PET resulted in an even lower impact (Accorsi et al. 2015). Another 

study (Garfí et al. 2016) showed that glass water bottles had a higher environmental im-

pact than PET. The energy usage for glass bottles was 4900 MJ/m3 of water, whereas it 

for PET was 1 000 MJ/m3 of water. On the other hand, the study also showed that the 

most sustainable alternative was tap water, which was calculated to use 2-3MJ/m3 water 

(Garfí et al. 2016).  

 

Another alternative that is often mentioned is bio-based plastics. Here, it is important to 

note that they are not necessarily degradable or compostable but could work as an alterna-

tive to the usage of fossil fuel (Kershaw 2015). Some bio-based materials are made from 

waste, which could fit the circular economy perspective. Others are made from different 

crops which may be more controversial due to, among other things, their land use at a 

time of increasing food insecurity (Kershaw, 2015). They can also be made from starch or 

cellulose based materials. Life cycle assessments have shown that bio-based plastics can 

have a higher carbon footprint than traditional petroleum based products, even though 

this could be reduced through using other techniques (Boonniteewanich 2014).   

 
Although several types of action will need to be combined, it can be concluded that long-

term solutions aimed at the root of the problem are often superior to short-term solutions 

or mitigation strategies. None of these solutions should however be considered in a vacu-

um and it is crucial to evaluate potential spill-over effects. These can be both positive, 

such as previously discussed for improved waste management, and negative, as noted for 

the substitution of plastics to other materials.  

CONCLUSIONS AND RECOMMENDATIONS 
The complexity of the field demands input from several stakeholders in order to properly 

frame the associated problems and solutions. Plastic pollution engages people, providing 

several possibilities to work efficiently towards solutions. In order to do so, we need accu-

rate problem descriptions to avoid fictitious trash islands and to facilitate the develop-

ment of appropriate solutions. 

The debate on risks associated with microplastics and other types of plastic pollution 

therefore brings several important perspectives. Existing data, although limited, does cur-

rently not indicate that microplastics constitute a risk at general levels of pollution. In 

some hotspots, such as the ones that were studied in Paper V, the levels do however ex-

ceed the predicted ‘safe’ concentrations and it seems likely that with a continued increase 

in pollution levels those hotspots will become more common. It is also important to con-

sider terrestrial ecosystems since, in general, higher concentrations should be expected 

there. For macroplastics there are some well-documented risks for the marine environ-

ment, especially obvious in the case of ghost fishing. Discussions on risks therefore need 
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to be mindful of generalizations and take into consideration size and location of pollu-

tants as well as product and material type. Moreover, if microplastics are regarded in the 

bigger context of plastic production and usage it is clear that microplastics are only one 

among several consequences, illustrating that current consumption patterns leave long-

term consequences in the environment.   

The work conducted in the context of this thesis shows that plastic pollution is higher 

closer to the source and that plastics often get stuck on beaches or sink to the bottom. It 

can therefore be concluded that mitigation strategies would be more efficient if imple-

mented closer to the sources, which incidentally is also more cost-efficient. But in order 

to take meaningful and efficient steps towards decreasing plastic pollution we need to 

move even closer to the roots of the problem. In that context the results presented in 

Paper IV illustrate that there is a need for a higher level of accountability from industries. 

Moreover, since the main bulk of the problem consists of fragments of larger pieces of 

plastics the main focus needs to be on these larger items and how we use them. This 

means working actively to decrease the waste streams through a lower level of consump-

tion, while simultaneously improving waste management strategies to prevent leakage.  

The tangibility of plastic pollution, and to a certain degree also microplastics, can serve as 

guidance posts for how to approach a more sustainable culture around consumption. The 

current high, and increasing, levels of consumption of plastics would come with sustaina-

bility challenges regardless of material type, and in some cases, plastics remain the most 

sustainable option so far. Microplastics are not isolated, single issues and through focus-

ing more on underlying issues, rather than end-of-the-line solutions, it would be easier to 

see the interconnectedness and how some solutions can provide several positive benefits 

in adjacent areas.  In fact, no sustainability research can work in a vacuum and any and all 

proposed solutions need to be examined in a broader context.  The sustainability chal-

lenges that we are currently facing are of such magnitude that we cannot afford to treat 

the issues separately, especially since they are often highly interconnected.   

 

 



57 
 

REFERENCES  

Abbott, J. K. & Sumaila, U. R. (2019). Reducing marine plastic pollution: policy insights 
from economics. Review of Environmental Economics and Policy. 

Accorsi, R., Versari, L. & Manzini, R. (2015). Glass vs. plastic: life cycle assessment of ex-
tra-virgin olive oil bottles across global supply chains. Sustainability, 7(3), 2818-2840. 

Addamo, A.M., Laroche, P. & Hanke, G. (2017) Top Marine Beach Litter Items in Eu-
rope, EUR 29249 EN, Publications Office of the European Union, Luxembourg, 2017, 
ISBN 978-92-79-87711-7, doi:10.2760/496717, JRC108181  

Albertsson, A.-C. (1993). Degradable polymers. Journal of Macromolecular Science, Part 
A: Pure and Applied Chemistry, A30(9&10), 757. 

Alldredge, A. L., Granata, T. C., Gotschalk, C. C. & Dickey, T. D. (1990). The physical 
strength of marine snow and its implications for particle disaggregation in the ocean. Lim-
nology and Oceanography, 35(7), 1415-1428. 

Andrady, A. L. (2011). Microplastics in the marine environment. Marine pollution bulletin, 
62(8), 1596-1605. 

Andrady, A. L. (2017). The plastic in microplastics: A review. Marine pollution bulletin. 

Andrady, A. L. & Neal, M. A. (2009). Applications and societal benefits of plastics. Philo-
sophical Transactions of the Royal Society B: Biological Sciences, 364(1526), 1977-1984. 

Andrady, A., Pegram, J. & Song, Y. (1993). Studies on enhanced degradable plastics. II. 
Weathering of enhanced photodegradable polyethylenes under marine and freshwater 
floating exposure. Journal of Polymers and the Environment, 1(2), 117-126. 

Avery-Gomm, S., Walker, T. R., Mallory, M. L. & Provencher, J. F. (2019). There is noth-
ing convenient about plastic pollution. Rejoinder to Stafford and Jones “Viewpoint–
Ocean plastic pollution: A convenient but distracting truth?”. Marine Policy, 106, 103552. 

Avio, C. G., Gorbi, S., & Regoli, F. (2015). Experimental development of a new protocol 
for extraction and characterization of microplastics in fish tissues: first observations in 
commercial species from Adriatic Sea. Marine environmental research, 111, 18-26. 

Backhaus, T. & Wagner, M. (2018). Microplastics in the environment: Much ado about 
nothing? A debate. Global Challenges, 1900022. 

Ballent, A., Corcoran, P. L., Madden, O., Helm, P. A. & Longstaffe, F. J. (2016). Sources 
and sinks of microplastics in Canadian Lake Ontario nearshore, tributary and beach sedi-
ments. Marine pollution bulletin, 110(1), 383-395. 

Besseling, E., Redondo-Hasselerharm, P., Foekema, E. M. & Koelmans, A. A. (2019). 
Quantifying ecological risks of aquatic micro-and nanoplastic. Critical Reviews in Envi-
ronmental Science and Technology, 49(1), 32-80. 

Boonniteewanich, J., Pitivut, S., Tongjoy, S., Lapnonkawow, S. & Suttiruengwong, S. 
(2014). Evaluation of carbon footprint of bioplastic straw compared to petroleum based 
straw products. Energy Procedia, 56, 518-524. 

Borrelle, S. B., Rochman, C. M., Liboiron, M., Bond, A. L., Lusher, A., Bradshaw, H. & 
Provencher, J. F. (2017). Opinion: Why we need an international agreement on marine 
plastic pollution. Proceedings of the National Academy of Sciences, 114(38), 9994-9997. 

Brandon, J., Goldstein, M. & Ohman, M. D. (2016). Long-term aging and degradation of 



58 
 

microplastic particles: Comparing in situ oceanic and experimental weathering patterns. 
Marine pollution bulletin, 110(1), 299-308. 

Briedis, B, Syversen, F. &Narum Amland, E. (2018) Et dypdykk i plasthavet.  
Miljødirektoratet. 

Brown, J. & Macfadyen, G. (2007). Ghost fishing in European waters: Impacts and man-
agement responses. Marine Policy, 31(4), 488-504. 

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

Browne, M. A., Crump, P., Niven, S. J., Teuten, E., Tonkin, A., Galloway, T. & Thomp-
son, R. (2011). Accumulation of microplastic on shorelines woldwide: sources and sinks. 
Environmental science & technology, 45(21), 9175-9179. 

Burton Jr, G. A. (2017). Stressor exposures determine risk: so, why do fellow scientists 
continue to focus on superficial microplastics risk? : ACS Publications. 

Carpenter, E. J. & Smith, K. (1972). Plastics on the Sargasso Sea surface. Science, 
175(4027), 1240-1241. 

Carpenter, E. J., Anderson, S. J., Harvey, G. R., Miklas, H. P. & Peck, B. B. (1972). Poly-
styrene spherules in coastal waters. Science, 178(4062), 749-750. 

Castillo, A. B., Al-Maslamani, I., & Obbard, J. P. (2016). Prevalence of microplastics in the 
marine waters of Qatar. Marine pollution bulletin, 111(1-2), 260-267. 

Catarino, A. I., Macchia, V., Sanderson, W. G., Thompson, R. C. & Henry, T. B. (2018). 
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. Environmental 
Pollution, 237, 675-684. 

Chiellini, E. Corti, A. & Swift, G. (1995). Biodegradation of thermally-oxidized, fragment-
ed low-density polyethylenes. Polymer degradation and stability, 81(2), 341-351. 

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M. B., & Janssen, C. R. (2013). 
New techniques for the detection of microplastics in sediments and field collected organ-
isms. Marine pollution bulletin, 70(1-2), 227-233. 

Cole, M., Lindeque, P. K., Fileman, E., Clark, J., Lewis, C., Halsband, C. & Galloway, T. S. 
(2016). Microplastics alter the properties and sinking rates of zooplankton faecal pellets. 
Environmental science & technology, 50(6), 3239-3246. 

Cole, M., Lindeque, P., Halsband, C. & Galloway, T. S. (2011). Microplastics as contami-
nants in the marine environment: a review. Marine pollution bulletin, 62(12), 2588-2597. 

Colton, J. B., Knapp, F. D. & Burns, B. R. (1974). Plastic particles in surface waters of the 
northwestern Atlantic. Science, 185(4150), 491-497. 

Cordier, M., & Uehara, T. (2019). How much innovation is needed to protect the ocean 
from plastic contamination?. Science of the total environment, 670, 789-799. 

European Commission (2018) Com/2018/028 Communication from the commission to 
the european parliament, the council, the european economic and social committee and 
the committee of the regions. A European Strategy for Plastics in a Circular Economy.  

Ocean Conservancy (2019). International coastal cleanup: 2019 Report. Access address: 
https://oceanconservancy.org/wp-content/uploads/2019/09/Final-2019-ICC-Report.pdf 



59 
 

(Date of Access: 09.10. 2019). 

Courtene-Jones, W., Quinn, B., Ewins, C., Gary, S. F. & Narayanaswamy, B. E. (2019). 
Consistent microplastic ingestion by deep-sea invertebrates over the last four decades 
(1976–2015), a study from the North East Atlantic. Environmental Pollution, 244, 503-
512. 

Cózar, A., Martí, E., Duarte, C. M., García-de-Lomas, J., Van Sebille, E., Ballatore, T. 
J.,Eguíluz, V.M., Gonzales-Gordillo, I., Pedrotti, M.L., Echevarría, F., Troublè, R. & Iri-
goien, X. (2017). The Arctic Ocean as a dead end for floating plastics in the North Atlan-
tic branch of the Thermohaline Circulation. Science advances, 3(4), e1600582. 

Critchell, K. & Lambrechts, J. (2016). Modelling accumulation of marine plastics in the 
coastal zone; what are the dominant physical processes? Estuarine, Coastal and Shelf Sci-
ence, 171, 111-122. 

Davis, R. & Hall, J. (1997). Production, treatment and disposal of wastewater sludge in 
Europe from a UK perspective. European water pollution control, 2(7), 9-17. 

de Souza Machado, A. A., Kloas, W., Zarfl, C., Hempel, S. & Rillig, M. C. (2018). Micro-
plastics as an emerging threat to terrestrial ecosystems. Global change biology, 24(4), 
1405-1416. 

De Wolff, K. (2014). Gyre Plastic: Science, Circulation and the Matter of the Great Pacific 
Garbage Patch. PhD Thesis. UC San Diego. 

Desforges, J.-P. W., Galbraith, M., Dangerfield, N. & Ross, P. S. (2014). Widespread dis-
tribution of microplastics in subsurface seawater in the NE Pacific Ocean. Marine pollu-
tion bulletin, 79(1), 94-99. 

do Sul, J. A. I., Spengler, Â. & Costa, M. F. (2009). Here, there and everywhere. Small 
plastic fragments and pellets on beaches of Fernando de Noronha (Equatorial Western 
Atlantic). Marine pollution bulletin, 58(8), 1236-1238. 

Eriksen, M., Maximenko, N., Thiel, M., Cummins, A., Lattin, G., Wilson, S., Hafner, J., 
Zellers, A. & Rifman, S. (2013). Plastic pollution in the South Pacific subtropical gyre. Ma-
rine pollution bulletin, 68(1), 71-76. 

Everaert, G., Van Cauwenberghe, L., De Rijcke, M., Koelmans, A. A., Mees, J., 
Vandegehuchte, M. & Janssen, C. R. (2018). Risk assessment of microplastics in the ocean: 
Modelling approach and first conclusions. Environmental Pollution, 242, 1930-1938. 

Fendall, L. S. & Sewell, M. A. (2009). Contributing to marine pollution by washing your 
face: microplastics in facial cleansers. Marine pollution bulletin, 58(8), 1225-1228. 

Fernandino, G., Elliffa, C. I., Silva, I. R. & Bittencourt, A. C. (2015). How many pellets are 
too many? The pellet pollution index as a tool to assess beach pollution by plastic resin 
pellets in Salvador, Bahia, Brazil. Revista de Gestão Costeira Integrada, 15(3), 325-332. 

Fok, L. & Cheung, P. (2015). Hong Kong at the Pearl River Estuary: A hotspot of micro-
plastic pollution. Marine pollution bulletin, 99(1), 112-118. 

Fries, E., Dekiff, J. H., Willmeyer, J., Nuelle, M.-T., Ebert, M. & Remy, D. (2013). Identi-
fication of polymer types and additives in marine microplastic particles using pyrolysis-
GC/MS and scanning electron microscopy. Environmental Science: Processes & Impacts, 
15(10), 1949-1956. 

Garfí, M., Cadena, E., Sanchez-Ramos, D. & Ferrer, I. (2016). Life cycle assessment of 
drinking water: comparing conventional water treatment, reverse osmosis and mineral wa-



60 
 

ter in glass and plastic bottles. Journal of Cleaner Production, 137, 997-1003. 

GESAMP (2015). “Sources, fate and effects of microplastics in the marine environment: a 
global assessment” (Kershaw, P. J., ed.). (IMO/FAO/UNESCO-
IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group of Experts on the Scien-
tific Aspects of Marine Environmental Protection). Rep. Stud. GESAMP No. 90, 96 

Gewert, B., Plassmann, M. M. & MacLeod, M. (2015). Pathways for degradation of plastic 
polymers floating in the marine environment. Environmental Science: Processes & Im-
pacts, 17(9), 1513-1521. 

Geyer, R., Jambeck, J. R. & Law, K. L. (2017). Production, use, and fate of all plastics ever 
made. Science advances, 3(7), e1700782. 

Gilman, E., Chopin, F., Suuronen, P. & Kuemlangan, B. (2016). Abandoned, lost or oth-
erwise discarded gillnets and trammel nets. FAO Fisheries and Aquaculture Technical Pa-
per (FAO) eng no. 600. 

Gregory, M. R. (1977). Plastic pellets on New Zealand beaches. Marine pollution bulletin, 
8(4), 82-84. 

Groh, K. J., Backhaus, T., Carney-Almroth, B., Geueke, B., Inostroza, P. A., Lennquist, 
A., Leslie H.A., Maffini, M., Slunge, D., Trasande, L., Warhurst, M. & Muncke, J. (2018). 
Overview of known plastic packaging-associated chemicals and their hazards. Science of 
the Total Environment. 651(2), 3253-3268 

Hale, R. C. (2018). Are the risks from microplastics truly trivial? Environmental science & 
technology, 52(3), 931-931. 

Hartmann, N. B., Hu ̈ffer, T., Thompson, R. C., Hassello ̈v, M., Verschoor, A., Daugaard, 
A. E., Rist, S., Karlsson, T.M., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, 
N.P., Lusher, A.L. & Wagner M. (2019). Are we speaking the same language? Recommen-
dations for a definition and categorization framework for plastic debris. Environmental 
science & technology. 

Hassellöv, M., Karlsson, T., Mattsson, K., Magnusson, K., Strand, J., Lenz, R., van Bavel, 
B., & Eidsvoll, D. P. (2018a). Progress towards monitoring of microlitter in Scandinavian 
marine environments: State of knowledge and challenges. Nordic Council of Ministers. 

Hassellöv,M., Karlsson, T.M. & Haikonen, K. (2018b). Marint mikroskopiskt skräp. Un-
dersökning längs svenska västkusten November 2015. Länsstyrelsen Västra Götaland.  

Hays, H. & Cormons, G. (1974). Plastic particles found in tern pellets, on coastal beaches 
and at factory sites. Marine pollution bulletin, 5(3), 44-46. 

Hekkert, M. P., Joosten, L. A. & Worrell, E. (2000). Reduction of CO2 emissions by im-
proved management of material and product use: the case of transport packaging. Re-
sources, Conservation and Recycling, 30(1), 1-27. 

Hermsen, E., Mintenig, S. M., Besseling, E. & Koelmans, A. A. (2018). Quality criteria for 
the analysis of microplastic in biota samples: a critical review. Environmental science & 
technology, 52(18), 10230-10240. 

Hermsen, E., Pompe, R., Besseling, E. & Koelmans, A. A. (2017). Detection of low num-
bers of microplastics in North Sea fish using strict quality assurance criteria. Marine pollu-
tion bulletin, 122(1-2), 253-258. 

Heyerdahl, T. (1971). Atlantic Ocean pollution and biota observed by the ‘Ra’expeditions. 
Biological Conservation, 3(3), 164-167. 



61 
 

Hidalgo-Ruz, V., Gutow, L., Thompson, R. C. & Thiel, M. (2012). Microplastics in the 
marine environment: a review of the methods used for identification and quantification. 
Environmental science & technology, 46(6), 3060-3075. 

Holmström, A. (1975). Plastic films on the bottom of the Skagerack. Nature, 255(5510), 
622-623. 

Hoornweg, D. & Bhada-Tata, P. (2012). What a waste: a global review of solid waste man-
agement. 

Håll Sverige Rent (2014). Rapport från Kusträddarna om skräpet på den svenska västkus-
ten.  

Jakubowicz, I., Yarahmadi, N., & Petersen, H. (2006). Evaluation of the rate of abiotic 
degradation of biodegradable polyethylene in various environments. Polymer degradation 
and stability, 91(7), 1556-1562. 

Jahnke, A., Arp, H. P. H., Escher, B. I., Gewert, B., Gorokhova, E., Ku ̈hnel, D., Oogo-
nowski, M., Potthoff, A., Rummel, C., Schmitt-Jansen, M., Toorman, E. & MacLeod, M. 
(2017). Reducing Uncertainty and Confronting Ignorance about the Possible Impacts of 
Weathering Plastic in the Marine Environment. Environmental Science & Technology 
Letters, 4(3), 85-90. 

Jambeck, J. R., Geyer, R., Wilcox, C., Siegler, T. R., Perryman, M., Andrady, A., Narayan, 
R. & Law, K. L. (2015). Plastic waste inputs from land into the ocean. Science, 347(6223), 
768-771. 

Karlsson, T.M., Grahn, H., van Bavel, B. & Geladi, P. (2016). Hyperspectral imaging and 
data analysis for detecting and determining plastic contamination in seawater filtrates. 
Journal of Near Infrared Spectroscopy, 24(2), 141-149.   

Kawecki, D. & Nowack, B. (2019). Polymer-Specific Modeling of the Environmental 
Emissions of Seven Commodity Plastics As Macro-and Microplastics. Environmental sci-
ence & technology, 53(16), 9664-9676. 

Kelessidis, A. & Stasinakis, A. S. (2012). Comparative study of the methods used for 
treatment and final disposal of sewage sludge in European countries. Waste Management, 
32(6), 1186-1195. 

Kershaw, P. (2015). Sources, Fate and Effects of Microplastics in the Marine Environ-
ment: A Global Assessment. Rep. Stud. GESAMP, 90, 96. 

Kershaw, P. J. (2015). Biodegradable Plastics & Marine Litter: Misconceptions, Concerns 
and Impacts on Marine Environments: UNEP GPA. 

Koelmans, A. A., Kooi, M., Law, K. L. & van Sebille, E. (2017a). All is not lost: deriving a 
top-down mass budget of plastic at sea. Environmental Research Letters, 12(11), 114028. 

Koelmans, A. A., Besseling, E., Foekema, E., Kooi, M., Mintenig, S., Ossendorp, B. C., 
Redondo-Hasselerharm, P.E., Verschoor, A., Wezel, A.P. & Scheffer, M. (2017b). Risks of 
plastic debris: unravelling fact, opinion, perception, and belief: ACS Publications. 

Kowalski, N., Reichardt, A. M. & Waniek, J. J. (2016). Sinking rates of microplastics and 
potential implications of their alteration by physical, biological, and chemical factors. Ma-
rine pollution bulletin, 109(1), 310-319. 

Krehula, L. K., Katančić, Z., Siročić, A. P. & Hrnjak-Murgić, Z. (2014). Weathering of 
high-density polyethylene-wood plastic composites. Journal of wood chemistry and tech-
nology, 34(1), 39-54. 



62 
 

Krång, A.-S., Olshammar, M., Edlund, D., Hållén, J., Stenfors, E. & von Friesen, L. W. 
(2019). Sammanställning av kunskap och åtgärdsförslag för att minska spridning av 
mikroplast från konstgräsplaner och andra utomhusanläggningar för idrott och lek.IVL 

Kukulka, T., Proskurowski, G., Morét‐Ferguson, S., Meyer, D. & Law, K. (2012). The ef-
fect of wind mixing on the vertical distribution of buoyant plastic debris. Geophysical Re-
search Letters, 39(7). 

Käppler, A., Fischer, D., Oberbeckmann, S., Schernewski, G., Labrenz, M., Eichhorn, K. 
J. & Voit, B. (2016). Analysis of environmental microplastics by vibrational microspec-
troscopy: FTIR, Raman or both? Analytical and bioanalytical chemistry, 408(29), 8377-
8391. 

Lacerda, A. L. d. F., Rodrigues, L. d. S., Van Sebille, E., Rodrigues, F. L., Ribeiro, L., Sec-
chi, E. R., Kessler, F. & Proietti, M. C. (2019). Plastics in sea surface waters around the 
Antarctic Peninsula. Scientific reports, 9(1), 3977. 

Lachmann, F., Almroth, B.C., Baumann, H., Broström, G., Corvellec, H., Gipperth, L., 
Hassellöv, M. Karlsson, T.M. & Nilsson, P. (2017). Marine Plastic litter on Small Island 
Developing States (SIDS): Impacts and measures. Göteborg: Swedish Institute for the 
Marine Environment, University of Gothenburg.  

Landon-Lane, M. (2018). Corporate social responsibility in marine plastic debris govern-
ance. Marine pollution bulletin, 127, 310-319. 

Lassen, C., Hansen, S. F., Magnusson, K., Hartmann, N. B., Jensen, P. R., Nielsen, T. G. 
& Brinch, A. (2015). Microplastics: occurrence, effects and sources of releases to the envi-
ronment in Denmark. 

Law, K. L., Morét-Ferguson, S., Maximenko, N. A., Proskurowski, G., Peacock, E. E., 
Hafner, J. & Reddy, C. M. (2010). Plastic accumulation in the North Atlantic subtropical 
gyre. Science, 329(5996), 1185-1188. 

Lebreton, L. C., van der Zwet, J., Damsteeg, J.-W., Slat, B., Andrady, A. & Reisser, J. 
(2017). River plastic emissions to the world's oceans. Nature communications, 8, 15611. 

Lechner, A., Keckeis, H., Lumesberger-Loisl, F., Zens, B., Krusch, R., Tritthart, M., Glas, 
M. & Schludermann, E. (2014). The Danube so colourful: a potpourri of plastic litter out-
numbers fish larvae in Europe's second largest river. Environmental Pollution, 188, 177-
181. 

Lenz, R., Enders, K., Stedmon, C. A., Mackenzie, D. M. & Nielsen, T. G. (2015). A critical 
assessment of visual identification of marine microplastic using Raman spectroscopy for 
analysis improvement. Marine Pollution Bulletin, 100(1), 82-91. 

Leslie, H., Brandsma, S., van Velzen, M. & Vethaak, A. (2017). Microplastics en route: 
Field measurements in the Dutch river delta and Amsterdam canals, wastewater treatment 
plants, North Sea sediments and biota. Environment International, 101, 133-142. 

Lewis, H., Verghese, K. & Fitzpatrick, L. (2010). Evaluating the sustainability impacts of 
packaging: the plastic carry bag dilemma. Packaging Technology and Science: An Interna-
tional Journal, 23(3), 145-160. 

Li, H., & Ma, Y. (2016). Field study on the uptake, accumulation, translocation and risk 
assessment of PAHs in a soil-wheat system with amendments of sewage sludge. Science of 
the Total Environment, 560, 55-61. 

Liboiron, M. (2016). Redefining pollution and action: The matter of plastics. Journal of 



63 
 

Material Culture, 21(1), 87-110. 

Liboiron, F., Ammendolia, J., Saturno, J., Melvin, J., Zahara, A., Richárd, N., & Liboiron, 
M. (2018). A zero percent plastic ingestion rate by silver hake (Merluccius bilinearis) from 
the south coast of Newfoundland, Canada. Marine pollution bulletin, 131, 267-275. 

Long, M., Moriceau, B., Gallinari, M., Lambert, C., Huvet, A., Raffray, J. & Soudant, P. 
(2015). Interactions between microplastics and phytoplankton aggregates: Impact on their 
respective fates. Marine Chemistry, 175, 39-46. 

Lusher, A. L., Burke, A., O’Connor, I. & Officer, R. (2014). Microplastic pollution in the 
Northeast Atlantic Ocean: validated and opportunistic sampling. Marine pollution bulletin, 
88(1-2), 325-333. 

Lusher, A. (2015). Microplastics in the marine environment: distribution, interactions and 
effects. In Marine anthropogenic litter (pp. 245-307). Springer 

Löder, M. G. & Gerdts, G. (2015). Methodology used for the detection and identification 
of microplastics—A critical appraisal. In Marine anthropogenic litter (pp. 201-227). 
Springer.  

Löhr, A., Savelli, H., Beunen, R., Kalz, M., Ragas, A. & Van Belleghem, F. (2017). Solu-
tions for global marine litter pollution. Current opinion in environmental sustainability, 28, 
90-99. 

Macfadyen, G., Huntington, T. & Cappell, R. (2009). Abandoned, lost or otherwise dis-
carded fishing gear: Food and Agriculture Organization of the United Nations (FAO). 

Mai, L., Bao, L.-J., Shi, L., Wong, C. S. & Zeng, E. Y. (2018). A review of methods for 
measuring microplastics in aquatic environments. Environmental Science and Pollution 
Research, 25(12), 11319-11332. 

Magnér, J., Rosenqvist, L., Rahmberg, M., Graae, L., Eliaeson, K., Örtlund, L., …& Bror-
ström-Lundén, E. (2016). Fate of pharmaceutical residues-in sewage treatment and on 
farmland fertilized with sludge. IVL report B, 2264. 

Magnusson, K., Eliasson, K., Fråne, A., Haikonen, K., Hultén, J., Olshammar, M., ... & 
Voisin, A. (2016). Swedish sources and pathways for microplastics to the marine environ-
ment. A review of existing data. IVL, C, 183. 

Mani, T., Hauk, A., Walter, U. & Burkhardt-Holm, P. (2015). Microplastics profile along 
the Rhine River. Scientific reports, 5. 

Mathalon, A. & Hill, P. (2014). Microplastic fibers in the intertidal ecosystem surrounding 
Halifax Harbor, Nova Scotia. Marine pollution bulletin, 81(1), 69-79. 

Mecozzi, M., Pietroletti, M., & Monakhova, Y. B. (2016). FTIR spectroscopy supported by 
statistical techniques for the structural characterization of plastic debris in the marine envi-
ronment: application to monitoring studies. Marine pollution bulletin, 106(1-2), 155-161. 

Montarsolo, A., Mossotti, R., Patrucco, A., Caringella, R., Zoccola, M., Pozzo, P. D. & 
Tonin, C. (2018). Study on the microplastics release from fishing nets. The European 
Physical Journal Plus, 133(11), 494. 

Moore, C. C. (2011). Plastic Ocean: How a Sea Captain's Chance Discovery Launched a 
Determined Quest to Save the Oceans. Penguin. 

Morris, A. & Hamilton, E. (1974). Polystyrene spherules in the Bristol Channel. Marine 
pollution bulletin, 5(2), 26-27. 



64 
 

Muthukumar, T., Aravinthan, A., Lakshmi, K., Venkatesan, R., Vedaprakash, L. & Doble, 
M. (2011). Fouling and stability of polymers and composites in marine environment. In-
ternational Biodeterioration & Biodegradation, 65(2), 276-284. 

Parker, L. (2019) Floating trash collector has setback in Pacific Garbage Patch. National 
Geographic  

Pfeiffer, R. (2019) Drones as a tool for beach litter assessments. Comparing drone surveys 
with conventional methods. Master thesis at University of Gothenburg. 

Neufeld, L., Stassen, F., Sheppard, R., & Gilman, T. (2016). The new plastics economy: 
rethinking the future of plastics. World Economic Forum. 

Njeru, J. (2006). The urban political ecology of plastic bag waste problem in Nairobi, Ken-
ya. Geoforum, 37(6), 1046-1058. 

Nuelle, M. T., Dekiff, J. H., Remy, D., & Fries, E. (2014). A new analytical approach for 
monitoring microplastics in marine sediments. Environmental Pollution, 184, 161-169. 

O’Brine, T. & Thompson, R. C. (2010). Degradation of plastic carrier bags in the marine 
environment. Marine pollution bulletin, 60(12), 2279-2283. 

O'Connor, J. D., Mahon, A. M., Ramsperger, A. F., Trotter, B., Redondo‐Hasselerharm, 
P. E., Koelmans, A. A., Lally, H.T. & Murphy, S. (2019). Microplastics in Freshwater Bio-
ta: A Critical Review of Isolation, Characterization, and Assessment Methods. Global 
Challenges, 1800118. 

Pegram, J. E. & Andrady, A. L. (1989). Outdoor weathering of selected polymeric materi-
als under marine exposure conditions. Polymer degradation and stability, 26(4), 333-345. 

Phal, S., Backhaus, T., Bessa, F., van Calster, G., Contzen, N., Cronin, R., Galloway, T., 
Hart, A., Henderson, L., Kalcikova, G., Kelly., F., Kolodiziejczyk, B., Marku, E, 
Poortinga, W., Rilling, M., Van Sebille, E., Steg, L., Steidl, J., Steinhorst, J., Syberg, K., 
Thompson, R., Wagner, M., van Wezel, A., Wright, S. & Wyles, K. (2019). A scientific 
perspective on microplastics in nature and society. 

PlasticsEurope (2018). Plastics - the Facts 2017/2018 An analysis of European plastics 
production, demand and waste data. Plastics Europe Brussels. 

Prasun K. Roy, Hakkarainen, M. & Albertsson, A-C. (2014). Exploring the biodegradation 
potential of polyethylene through a simple chemical test method. Journal of Polymers and 
the Environment, 22(1), 69-77. 

Prata, J. C., da Costa, J. P., Duarte, A. C., & Rocha-Santos, T. (2019). Methods for sam-
pling and detection of microplastics in water and sediment: a critical review. TrAC Trends 
in Analytical Chemistry, 110, 150-159. 

Primpke, S., Lorenz, C., Rascher-Friesenhausen, R. & Gerdts, G. (2017). An automated 
approach for microplastics analysis using focal plane array (FPA) FTIR microscopy and 
image analysis. Analytical Methods, 9(9), 1499-1511. 

Raspati, G. S., Azrague, K. & Jotte, L. (2017). Review of stormwater management practic-
es. Klima 2050 Report. 

Raubenheimer, K. & McIlgorm, A. (2018). Can the Basel and Stockholm Conventions 
provide a global framework to reduce the impact of marine plastic litter? Marine Policy, 
96, 285-290. 

Ren och Attraktiv Kust. (2018) 30 050 säckar senare. Projektrapport 2015-2018.  



65 
 

Renner, G., Schmidt, T. C. & Schram, J. (2017a). Analytical Methodologies for Monitoring 
Micro (nano) plastics: Which are Fit for Purpose? Current Opinion in Environmental Sci-
ence & Health. 

Renner, G., Schmidt, T. C., & Schram, J. (2017b). A new chemometric approach for au-
tomatic identification of microplastics from environmental compartments based on FT-IR 
spectroscopy. Analytical chemistry, 89(22), 12045-12053. 

Rist, S., Almroth, B. C., Hartmann, N. B. & Karlsson, T. M. (2018). A critical perspective 
on early communications concerning human health aspects of microplastics. Science of 
the Total Environment, 626, 720-726. 

Rochman, C. M., Regan, F., & Thompson, R. C. (2017). On the harmonization of meth-
ods for measuring the occurrence, fate and effects of microplastics. Analytical Methods, 
9(9), 1324-1325. 

Rochman, C. M., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., Athey, S., Hun-
tington, A., McIlwraith, H., Munno, K., de Frond, H., Kolomijeca, A., Erdle, L., Grbic, J., 
Bayoumi, M., Borrelle, S.B., Wu, T., Santoro, S., Werbowski, L.M., Zhu, X., Giles, R.K, 
Hamilton, B.M., Thaysen, C., Kaura, A., Klasios, N., Ead, L., Kim, J., Sherlock, C., Ho, A. 
& Hung., C. (2019). Rethinking microplastics as a diverse contaminant suite. Environmen-
tal toxicology and chemistry, 38(4), 703-711. 

Ruiz, J., García, C. M. & Rodriguez, J. (1996). Sedimentation loss of phytoplankton cells 
from the mixed layer: effects of turbulence levels. Journal of Plankton Research, 18(9), 
1727-1734. 

Rummel, C. D., Jahnke, A., Gorokhova, E., Ku ̈hnel, D., & Schmitt-Jansen, M. (2017). Im-
pacts of biofilm formation on the fate and potential effects of microplastic in the aquatic 
environment. Environmental Science & Technology Letters, 4(7), 258-267. 

Scarascia-Mugnozza, G., Sica, C. & Russo, G. (2011). Plastic materials in European agri-
culture: actual use and perspectives. Journal of Agricultural Engineering, 42(3), 15-28. 

Schnurr, R. E., Alboiu, V., Chaudhary, M., Corbett, R. A., Quanz, M. E., Sankar, K., Srain 
H.S., Venukasan, T., Xanthos, D. & Walker, T. R. (2018). Reducing marine pollution from 
single-use plastics (SUPs): A review. Marine pollution bulletin, 137, 157-171. 

Schwarz, A., Ligthart, T., Boukris, E. & van Harmelen, T. (2019). Sources, transport, and 
accumulation of different types of plastic litter in aquatic environments: A review study. 
Marine pollution bulletin, 143, 92-100. 

Selonke, M. M., Moreira, T. F., Schafranski, L. L., Bassani, A., Carvalho, B. d. M., Pinhei-
ro, L. A., Prestes, R.A. & Almeida, D. M. (2012). Influence of Reprocessing in the for-
mation of functional groups during low density polyethylene aging. Polímeros, 22(5), 491-
496. 

Setälä, O., Magnusson, K., Lehtiniemi, M., & Norén, F. (2016). Distribution and abun-
dance of surface water microlitter in the Baltic Sea: a comparison of two sampling meth-
ods. Marine pollution bulletin, 110(1), 177-183. 

Setälä, O., Granberg, M., Hassellöv, M., Karlsson, T.M., Lehtiniemi, M., Mattsson, K., 
Strand, J., Talvitie, J. & Magnusson, K. (2019). Policy brief: Monitoring of microplastics in 
the marine environment; changing directions towards quality controlled tailored solutions 
rather than overarching harmonized protocols. Nordic ministry advisory board. Submit-
ted. 



66 
 

Sherrington, C. (2016). Plastics in the Marine Environment. Eunomia Research & Con-
sulting Ltd. 

Shim, W. J., Hong, S. H. & Eo, S. E. (2017). Identification methods in microplastic analy-
sis: a review. Analytical methods, 9(9), 1384-1391. 

Sintim, H. Y. & Flury, M. (2017). Is biodegradable plastic mulch the solution to agricul-
ture’s plastic problem? Environmental Science & Technology Viewpoint. 

Song, Y. K., Hong, S. H., Jang, M., Han, G. M., Rani, M., Lee, J. & Shim, W. J. (2015). A 
comparison of microscopic and spectroscopic identification methods for analysis of mi-
croplastics in environmental samples. Marine pollution bulletin, 93(1), 202-209. 

Stafford, R. & Jones, P. J. (2019a). We should not separate out environmental issues, but 
the current approach to plastic pollution can be a distraction from meaningful action. A 
response to Avery-Gomm et al. Marine Policy, 107, 103585. 

Stafford, R. & Jones, P. J. (2019b). Viewpoint–Ocean plastic pollution: A convenient but 
distracting truth? Marine Policy, 103, 187-191. 

Sundt, P., Schulze, P.-E. & Syversen, F. (2014). Sources of microplastic-pollution to the 
marine environment. Mepex for the Norwegian Environment Agency. 

Talvitie, J., Mikola, A., Setälä, O., Heinonen, M. & Koistinen, A. (2017). How well is mi-
crolitter purified from wastewater?–A detailed study on the stepwise removal of microlit-
ter in a tertiary level wastewater treatment plant. Water research, 109, 164-172. 

Thompson, R. C., Olsen, Y., Mitchell, R. P., Davis, A., Rowland, S. J., John, A. W.G., 
McGonigle, D. & Russell, A. E. (2004). Lost at sea: where is all the plastic? Science, 
304(5672), 838-838. 

UNEPNewscenter (2017). Press release: UN Declares War on Ocean Plastic Retrieved 
from http://web.unep.org/newscentre/un-declares-war-ocean-plastic 

United Nations General Assembly: Transforming Our World: The 2030 Agenda for Sus-
tainable Development. Draft resolution referred to the United Nations summit for the 
adoption of the post-2015 development agenda by the General Assembly at its sixty-ninth 
session. UN Doc. A/70/L.1 of 18 September 2015. 

Van Cauwenberghe, L., Devriese, L., Galgani, F., Robbens, J., & Janssen, C. R. (2015). 
Microplastics in sediments: a review of techniques, occurrence and effects. Marine envi-
ronmental research, 111, 5-17. 

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B. D., Van Franeker, 
J. A., Eriksen, M., Siegel, D., Galgani, F. & Law, K. L. (2015). A global inventory of small 
floating plastic debris. Environmental Research Letters, 10(12), 124006. 

Watts, A. J., Lewis, C., Goodhead, R. M., Beckett, S. J., Moger, J., Tyler, C. R., & Gallo-
way, T. S. (2014). Uptake and retention of microplastics by the shore crab Carcinus mae-
nas. Environmental science & technology, 48(15), 8823-8830. 

Weinstein, J. E., Crocker, B. K. & Gray, A. D. (2016). From macroplastic to microplastic: 

Degradation of high‐density polyethylene, polypropylene, and polystyrene in a salt marsh 
habitat. Environmental Toxicology and Chemistry. 

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



67 
 

Vince, J. & Hardesty, B. D. (2017). Plastic pollution challenges in marine and coastal envi-
ronments: from local to global governance. Restoration Ecology, 25(1), 123-128. 

Wisner, B. & Adams, J. (2002). Environmental health in emergencies and disasters: a prac-
tical guide. World Health Organization 

Woodall, L. C., Sanchez-Vidal, A., Canals, M., Paterson, G. L., Coppock, R., Sleight, V., ... 
& Thompson, R. C. (2014). The deep sea is a major sink for microplastic debris. Royal 
Society open science, 1(4), 140317. 

Wright, S. L., Thompson, R. C., & Galloway, T. S. (2013). The physical impacts of micro-
plastics on marine organisms: a review. Environmental pollution, 178, 483-492. 

Wu, P., Huang, J., Zheng, Y., Yang, Y., Zhang, Y., He, F., Chen, H., Quan, G., Yan, J., Li, 
T. & Gao, B. (2019). Environmental occurrences, fate, and impacts of microplastics. Eco-
toxicology and environmental safety, 184, 109612. 

Xanthos, D. & Walker, T. R. (2017). International policies to reduce plastic marine pollu-
tion from single-use plastics (plastic bags and microbeads): a review. Marine pollution bul-
letin, 118(1-2), 17-26. 

Yang, D., Shi, H., Li, L., Li, J., Jabeen, K., & Kolandhasamy, P. (2015). Microplastic pollu-
tion in table salts from China. Environmental science & technology, 49(22), 13622-13627. 

Yonkos, L. T., Friedel, E. A., Perez-Reyes, A. C., Ghosal, S. & Arthur, C. D. (2014). Mi-
croplastics in four estuarine rivers in the Chesapeake Bay, USA. Environmental science & 
technology, 48(24), 14195-14202. 

Yu, X., Peng, J., Wang, J., Wang, K., & Bao, S. (2016). Occurrence of microplastics in the 
beach sand of the Chinese inner sea: the Bohai Sea. Environmental pollution, 214, 722-
730. 

 

 

 


