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Summary  

 

Estuarine environments are a major sink for microplastics pollution, yet we do not fully 

understand microplastics entry points and pathways, their transport dynamics and how particles 

behaviour and fate can be affected by the physico-chemical environment and biological interactions as 

there are transported through estuaries. Current knowledge on global microplastics spatial and temporal 

distributions and drivers is discussed for sediment, water and biotic compartments, and an overview of 

what is known from North Sea Region estuaries is presented.  

We discuss the potential for microplastics pollution to interact with other estuarine stressors 

such as climate related changes, and how future increases in storms and floods may further aggravate 

microplastics entry to estuaries. The potential risks and hazards of microplastics in estuaries are 

discussed from individual organisms through to ecosystem scale effects and potential mitigation 

strategies are presented.  

This report also provides an overview of key knowledge gaps that need to be addressed to better 

understand microplastics pollution in estuarine systems, prevent their entry to these vulnerable systems 

and mitigate and manage estuarine microplastics now and into the future.  
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1. Background 

Microplastics (MPs) pollution has generated a lot of interest in recent years1 and it has now been 

included in the EU Marine Strategy Framework Directive descriptor 10 (Marine Litter). While our 

understanding of this emerging pollutant advances daily, we need to clarify and identify the different 

sources of this pollutant, understand MPs transport patterns, accumulation zones and residency times 

in different environments. While MPs are found in terrestrial soils and freshwater systems2–5, deep-sea 

sediments6–8 and ice-capped poles9–11, coastal and estuarine sediments remain one of the major MPs 

sinks globally12,13. These ecosystems are hotspots for MPs accumulation due to the fact plastic 

production and waste are largely generated on land and MPs are largely transported to coastal and 

marine environments via wind and waterways14–16. While global studies have suggested Asian rivers 

are the key contributors to global plastic pollution17–20, MPs pollution in European riverine and estuarine 

sediments is often comparable to that found in several Asian systems21. 

Scientific evidence to date suggests that MPs may cause a variety of adverse environmental22–

26 and socio-economic27 effects in estuarine environments. However, the mechanisms in which MPs 

enter estuaries, MPs particle transport dynamics, and their fate and long-term effects remain 

understudied. Much of our knowledge of MPs effects on estuarine biota have been derived from 

laboratory studies, the majority of which have focused on individual organisms or species. 

Contradictory conclusions have been drawn from these exposure experiments, with positive and absent 

effects documented. Many of the idiosyncrasies are likely due to a lack of standardization of methods, 

and the precise chemical nature, morphology, size and concentration of polymers used in experiments. 

While evidence of effects on individual organisms or species is still required, we drastically lack 

evidence of MPs effects on the wider structure and function of estuarine communities and ecosystems, 

despite the ecological and economic importance of these systems. It is therefore vital to gather evidence 

on mechanistic effects of biological, chemical and physical processes on MPs behaviour, accumulation 

and residency time in estuaries and how this influences the fate and environmental risks of MPs to 

estuarine organisms and function. 

Estuaries are already vulnerable ecosystems, so understanding how MPs interact with other 

stressors is vital, but knowledge of these interacting stressors is scarce. However, this information 

predicates policy changes which may limit plastics entry into estuarine environments and facilitates 

effective management strategies and interventions to deal with MPs pollution within these systems. 
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2. What are microplastics and where do they come from? 

Various types of plastics are produced around the globe, but the market remains dominated by 

polyethylene (both high, and low, density PE), polypropylene (PP), polyvinyl chloride (PVC), 

polystyrene (PS), polyamide (PA, Nylon) and polyethylene terephthalate (PET; Table 1)28. While 

plastic production currently accounts for 6% of global oil consumption, this is set to rise to 20% by 

2050, with total plastic production quadrupling29 so understanding their transfer to the environment is 

crucial. Polymers such as PE, PP and PET are commonly used to make single-use packaging products 

and their short life span means they readily end up in waste streams and in the environment30. With 

packaging representing ~39% of end-use markets for plastics in the Europe in 202131 it is of little 

surprise that PE and PP are two polymers that often dominate marine plastic debris32. There are, 

however, a whole suite of polymers and different source products that exist28 with the building and 

construction industry representing ~21% of the end use market31. However, the estimates from Plastics 

Europe31 do not include information on textiles, adhesives, sealants, coatings in these estimates. 

More recently, the definition of what are deemed microplastics has been extended to include 

type rubber, road markings and polymer modified bitumen33,34 and due to the generation of tyre wear 

particles, traffic is now seen as a major source of MPs globally35. The tyre wear particles themselves 

contribute to 5‒10 w% of the microplastic emissions entering the global marine environment36–38 which 

is estimated to equate to an annual global release of  6,000,000 tonnes37,39. Tyre particles, like other 

plastic products and MPs, contain a chemical cocktail of additives and fillers that are unregulated and 

poorly documented. These not only hinder polymer identification, but can cause variable environmental 

effects40,41, warranting greater transparency in their use and greater inclusion and characterization of 

these in studies. 

MPs shape, e.g. fragments, fibres, films, foams and beads, their size (Figure 1) and their 

densities (Table 1) are also typically described across environmental studies. While particular shapes 

are believed to be linked to the original form and use of the primary plastic; clothing and other textiles 

as the primary source of synthetic fibres released during washing or on disposal42,43, fragments that are 

generated as by-products of manufacturing or the secondary MPs formed from the fragmentation of 

plastic products44, defining source materials is far more complex than this. Within Europe, it is estimated 

that approximately 176,000 tonnes of secondary MPs (from fragmentation of larger plastics) are 

released each year into European surface waters45. 

MPs are largely defined by the scientific community as particles < 5mm, but size range and 

definitions often vary across studies; Environmental studies: Focus < 10mm46, 1 mm47, Environmental 
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Toxicology and Chemistry: Focus < 0.5 mm14. The upper size limit is largely based on the study 

objectives, and is discussed further in Costa et al47, whereas the lower size limit is often constrained by 

sampling or processing limitations. Differences in methodology due to differing plankton mesh net size, 

for example, can drastically alter the resulting abundances recorded, with a 10-fold increase in 

concentration observed when a 100 μm net is used compared to 500 μm nets48 for instance. For the 

purposes of the current report, we will consider studies that have defined MPs as plastic particles 

anywhere between 1 μm and 5 mm. However, this subject is discussed greater detail in Hartmann et 

al.49 and Rochman et al.44 for those that wish to read more.  

Plastics continue to be manufactured as micro-particles (primary MPs), despite the addition of 

primary MPs, such as beads, to cosmetic products now being banned throughout Europe50,51. For 

instance, micro-sized pellets, flakes and powders are still manufactured for a variety of industrial or 

domestic applications52. Over 145,000 tonnes of MPs are used in the EU/EEA each year45 and many 

will escape to the environment, yet their use, disposal and effects remain largely unconstrained. Many 

of these MPs are added to abrasive blasting material, fertilizers, cleaning products, paints and even 

artificial turf sports fields with these uses unregulated45,50. These contribute to the estimated 42,000 

tonnes of MPs (primary and secondary MPs) ending up in our environment each year, with the single 

largest source coming from infill material that as added to artificial turf pitches throughout Europe 

(16,000 tonnes)45. This is in addition to the formation of MPs from the fragmentation and wear of large 

pieces of plastics noted above.  

3. MPs sources and pathways into estuarine environments 

Identifying sources of MPs pollution in estuaries is vital to allows policy makers and estuarine 

managers to implement measures to reduce or prevent plastic release or early intervention measures. 

However, source to sink dynamics remain poorly constrained53,54 as MPs can be dispersed vast distances 

by the wind and water55,56, and their behaviour and pathways (Figure 1) will vary with different sizes 

(macro, meso, micro, nano), shape (fragments, fibres), chemical composition (polymer types) as well 

as density (Table 1). Some plastic types have been loosely associated to particular pathways, e.g. 

estuarine fibres are more likely transferred via the atmosphere than fragments57,58, but both particle 

types may have multiple entry points to estuaries. For example, fibres can escape wastewater treatment 

plants (WWTPs) and enter estuaries via waterways (see below), fibres from fishing nets can be released 

directly from various aquaculture farms and fishing boats. MPs from abraded tyres may be transported 

to estuaries via the atmosphere as well as with road run-off and stormwater drainage systems33,34,59–61, 

making it difficult to pinpoint exact entry locations once they are in estuarine environments. 
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Fig 1: Sources and potential pathways of different sized plastic particles into the environment.  

MPs transport times are also difficult to ascertain from samples collected from different 

estuarine habitats and long-term monitoring is not in place to assess temporal trends. Secondary 

fragments can be modified and transformed over time from what they once were (packaging, larger 

items, Table 1), making these particles particularly difficult to trace back to their original source 

material and to know how long they have been in the environment. 

Determining MPs sources remains difficult, but the majority of MPs are believed to enter 

estuarine environments via waterways such as rivers, stormwater drainage systems and WWTPs18,20,62–

64. Plastics breaking down in landfill may slowly transfer to groundwater and the marine environment 

as MPs and tyre particles may abraded and quickly transported through urban drainage systems and 

waterways by the wind or with run off15,33,35,61,65,66. Lebreton et al20 estimated annual global plastic inputs 

of 1.15–2.41 million tons (Mt) from rivers to the marine environment, but the upper range has recently 

increased (2.7 Mt year-1 and from far more river systems >1000; 67. Input rates from rivers to estuaries will 

not only depend on the surrounding land use and infrastructure for wastewater in place, but also the 

hyporheic (riverbed-water) exchange, residency time and accumulation of MPs on riverbeds. These 

processes are partially mediated by river geomorphology, hydrological conditions and erosion dynamics 

associated with temporal dynamics68–70 but also the chemical and physical characteristics of the plastic 

polymers themselves. These pathway processes should therefore be targeted for further investigation as 

mitigation strategies targeting microplastics further upstream may be more effective.  
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aPlastic production in 2021 according to Plastics Europe31. Note this does not include polymers that are 

used for textiles, adhesives, sealants, coatings. 

 

While WWTPs can effectively filter up to 99% of plastic fragments and fibres from 

wastewater64,71–75, just 1-2% of MPs escaping treatment can result in the discharge of billions of particles 

in the oceans76,77. Accordingly, it has been estimated that 120 tons of MPs are discharged from WWTPs 

into the Baltic Sea every year78 and MPs concentrations from effluents across 79 WWTPs in Germany 

suggests discharge rates of 4 x 100 to 4.5 x 105 items m3,79.  

While it is believed that only 20% of the world’s wastewater was treated80 other studies have 

suggest this is more likely around 52%81, so there is a high degree of uncertainty and variation in 

Table 1: Density of different plastic polymers, natural particles and density separation solutions. 

Polymer type % of the total 

57.2 Mt of EU27+3 

plastics productiona 

Density 

(g cm-3) 

Common plastics found 

Polypropylene (PP) 16.6 0.92 Rope, bottle caps,  

Polyethylene (PE) 14.7 (LD) 

9.3 (HD) 

0.95 Plastic bags 

Acrylonitrile Butadiene 

Styrene (ABS) 

- 1.00 – 

1.05 

Lego, keyboards, car interior 

parts 

Polystyrene (PS) 6.1 1.01-1.09 Floats, containers 

Polyamide (PA)/Nylon - 1.15 Fishing nets, clothing 

Polycarbonate (PC) - 1.20 Plastics lenses, medical devices, 

greenhouses 

Cellulose acetate - 1.24 Cigarette filters 

Polyvinyl chloride (PVC) 11.4 1.30 Plastic film 

Polyester  - 1.35 Clothing 

Polyethylene terephthalate 

(PET) 

5.3 1.39 Clothing, carpets, bottles 

Rayon (semi-synthetic) - 1.50 Clothing 

Styrene-butadiene rubber 

(SBR) 

- 1.60 Rubber material – car tyres, shoe 

soles, car parts 

Natural particles    

Organic matter  0.90-1.30 Algae, plants, wood 

Clays  1.70-2.68 Montmorillite, kaolinite 

Quartz sand  2.65 Beach sand 

Calcite  2.71 Coccoliths, bivalves  

Aragonite  2.95 Bivalves, corals 

Salt Solutions     

Sodium Chloride  1.20  

Zinc chloride   1.50-1.80  

Sodium iodide  1.60-1.80  

https://www.sciencedirect.com/science/article/pii/S0045653517308007#tbl1fna
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estimates. Existing WWTP infrastructure in developed countries failing to cope when heavy rainfall 

occurs64, and it is clear this pollutant and the removal from out waters must be managed both locally 

and at a global scale. Climate change will continue to increase the frequency and intensity of rainfall in 

the future82–84, which already leads to untreated wastewater, full of pathogens, pollutants and MPs, being 

discharged directly into waterways via combined stormwater overflow (CSO) systems. MPs 

concentrations has been related to CSO networks around the Thames river-estuary, UK85, the Lower 

Hudson river-estuary, US62, and the Baltic Sea basin86. It is likely that these relationships also exist in 

many more estuaries in the North Sea Region (NSR) and globally. Schernewski et al.86, estimated that 

by reducing stormwater overflow from 1.5% of the annual wastewater load (current estimate) to 0.3% 

this would reduce the total MP emissions to the Baltic Sea by 50%. It is therefore crucial that WWTPs 

are modernised to deal with current and future pressures from increasing populations and heavy rainfall 

to not only limit MPs from wastewater, but nutrients and other pollutants87. 

Flooding events are expected to increase in both frequency and magnitude due to climate 

change, and recent studies suggest that 70-100% of riverbed plastics may be remobilised during flood 

events4 shifting riverine sediments from being MPs ‘sinks’ to ‘sources’88. An increase in flood events 

is also projected to increase plastic entry to the environment from waste management facilities65 and 

mismanaged waste89. This means that even plastics long buried and immobilised may be remobilised 

from soils and sediments for years, even if plastic entry to the environment is reduced. Quantifying the 

stock and flow of MPs from riverbanks, agricultural soils and coastal sediments to estuaries under 

different hydrological scenarios is therefore crucial90,91, but limited. 

Finally, it is generally accepted that the majority of MPs in estuaries originate from the 

landward side, but MPs may also enter into estuaries from the marine environment59. There is limited 

information on marine inputs of MPs to estuaries but findings suggest this may be negligible compared 

to land inputs92 at least for some systems. However, bedload transport into estuaries from the seaward 

side may be a potential source of MPs in estuaries that receive substantial volumes of marine sediment 

during inundation periods (e.g. partially mixed and tidal estuaries)93,94, as marine sediments typically 

contain significantly higher concentrations of MPs compared to overlying waters32. This is currently 

underexplored, but knowledge of MPs input from the sea and the volume and frequency will likely vary 

with the different estuarine systems and with prevailing meteorological conditions and episodic events95 

and warrants further investigation for those estuaries that import large volumes of marine sediment. 
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4. Methods for sampling & processing estuarine MPs 

A comprehensive report on the methodology surround the collection, extraction and 

characterisation of MPs in the environment is beyond the scope of this report and has been covered 

extensively by others elsewheresee 96–100. However, it is important to note here that comparisons between 

studies and locations remains extremely difficult due to the variety of methods for sample collection, 

preparation (including extraction from the matrix), and analysis32,49. Furthermore, MP abundance data 

is often presented in a variety of units, depending on the environmental matrix, quantification methods 

and the authors objectives and preference, which can limit our understanding of MPs pollution101. Not 

all studies confirm suspected MPs are indeed synthetic polymers, which has proved to be essential as 

misidentification from microscopy alone can be high (70-98%32,98). Methodological differences based 

on bulk sampling, with techniques such as Pyro-GC/MS or SEM-EDX, compared to individual particle 

analysis using FTIR or Raman etc, provide researchers with different information102,103. Identifying 

MPs, such as tyre wear particles, can be particularly challenging due to their complex composition37 

and a lack of adequate reference materials104, but more broadly, so are most MPs from the environment. 

Spectral libraries provided by the manufacturer of instruments used (e.g. Fourier Transform InfraRed 

spectroscopy; FTIR or Raman spectroscopy) or even libraries that are constructed in-house, are 

typically created using virgin plastic polymers. As MPs from the environment are weathered and 

contain a plethora of various additives their variable chemical structures cause difficulty in reliably 

assigning MPs to a particular polymer and requires skills and expertise in this particular area. Advances 

have been made, as several programs have created additional open source libraries that provide a more 

comparable fingerprint from environmentally weather and non-pristine particles as far as organic matter 

(e.g Open Specy105 or siMPle106), but the limited understanding and standardization of additives like 

plasticizers and fillers means the spectral fingerprints of any single polymer type (e.g. polypropylene) 

can vary from particle to particle.  

These issues make comparability between different studies extremely difficult107,108 despite 

efforts to provide guidelines that will improve comparability and reproducibility across MPs studies109. 

Efficient monitoring programs and mitigation strategies desperately require streamlined methodologies 

to ensure comparable collection, separation, and identification, as well as strict quality assurance and 

control (QA/QC)110,111. While the joint Group of Experts on the Scientific Aspects of Marine 

Environmental Protection (GESAMP) provides guidelines for the monitoring and assessment of plastic 

litter in the ocean112, there must be agreement across national and international platforms and studies to 

co-ordinate efforts, and this needs to be extended to encompass all types of environmental matrices. 

The MSFD Technical Subgroup on Marine Litter has also provided guidance on standardized MPs 
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sampling methods113, in the hope that EU Member States can initiate monitoring programs that address 

descriptor 10 of the MSFD. However, many studies do not follow the sampling guidance due to study 

objectives or limitations, and it does not provide adequate guidance on the isolation quantification and 

characterization of MPs in the laboratory. Agreement on methods will likely continue as new state-of-

the-art technical and instrumental advances are developed to potentially improve our ability to monitor 

this emerging contaminant. For example, some commonly used methods do not analyse the smaller 

fractions of MPs (<10µm), but this lower limit is often much higher when isolating individual MPs. 

Advances in technology and methods continue to i) improve the characterization of MPs (and nano-

particles) at smaller and smaller sizes and ii) allow high-throughput sample processing at lower costs. 

These developments will be vital to facilitating wide scale monitoring and management114–116 as costs 

associated with purchasing and running instruments, labour time for slow deciding factor in several 

studies and monitoring programs. 

5. Physical, chemical & biological modifications & transformations 

As plastics enter and transition through terrestrial and estuarine environments, they are subject 

to various biological, chemical and physical processes that can degrade and fragment larger particles 

and release products (i.e. additives) over time (see below), leading the generation of significant amounts 

of secondary MPs in the environment. MPs transport and fate cannot therefore be studied meaningfully 

without considering the modifications and transformations that occur and how this influence particle 

behaviour and fate. Mechanical weathering from the physical abrasion of wind, waves and currents117–

119, may eventually alter the overall morphology of particles, potential smoothing and rounding them, 

as observed with sediment grains120,121 and even algal balls (e.g Marimo in Japan)122 as well as their 

fragmentation. Particles fragment as they travel through estuaries, the resulting higher surface to volume 

ratio can accelerate weathering and degradation further123. This may help to explain MPs concentration 

and size gradients in sediments along the length of different estuaries where smaller MPs are more 

abundant towards the mouth of the estuary21,46,118.  

UV exposure and photooxidation can alter the mechanical and physico-chemical properties of the 

surface, and the formation of polar functional groups such as carbonyl groups123,124, can lead to the 

formation of surface cracks and pits and further fragmentation125. UV exposure effects may, however, 

differ as particles are transported through air, freshwater and estuarine waters124 and many processes 

will occur simultaneously as MPs are transported through estuaries. This makes it difficult to determine 

the order and magnitude of modifications that occur from field samples alone, but it is generally 

accepted that abiotic weathering (cracks and pits caused by UV radiation and oxidation) precedes biotic 

degradation126–128.  
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As MPs provide a new and unique substrate in aquatic environments129, they are often colonized by 

distinct microbial communities containing bacteria, diatoms, fungi and protozoa130–133. These 

microorganisms can degrade the surface of MPs, through the formation of a surface biofilm, or eco-

corona, followed by the production and secretion of extracellular enzymes and microbial 

mineralization134–137. Biofilms encapsulating the MPs can become increasingly complex over time as 

the microbial community composition changes, and the MPs chemical structure and environmental 

conditions varies. Conditions that influence biofilm formation e.g. temperature, light, nutrients, will 

likely drive MPs degradation rates, as well as the type and magnitude of modifications136–138, but the 

role of biofilm communities in MPs dynamics is still lacking, particularly on sediment beds.
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Table 2: Summary of MPs concentrations found in the biota, sediment and water compartments of estuarine and nearby coastal sites, globally and with the 

NSR. Mean ± SD presented where possible, otherwise a range is presented. **No conversions of sampling units were applied as this requires several assumptions 

about the samples/sites. 

Mean concentration of particles (MPs 

ind-1, MPs g-1, MPs kg-1 DW sed**, MPs 

m-3) 

Location Species Study 

Biota (Benthic)    

0.30 ± 0.63 MPs ind-1 Sado estuary, Portugal Scrobicularia plana 139 

0.40 ± 0.88 MP ind-1 Sado estuary, Portugal Marphysa sanguinea 139 

0.45 ± 0.67 MPs ind-1 Tagus estuary, Portugal Mytilus galloprovincialis 139 

3.92 ± 3.77 MPs ind-1 Firth of clyde, UK Benthic flat fish 140 

2.00 ± 1.41 MPs ind-1 Firth of clyde, UK Other benthic fish 140 

5.83 ± 8.47 MPs ind-1 Firth of clyde, UK Pelagic fish 140 

**0.34 ± 0.33 MP g-1 Tagus estuary, Portugal Mytilus galloprovincialis 141 

**0.15 ± 0.33 MP g-1 Ebro estuary, Spain Mytilus galloprovincialis 141 

131 ± 131 MP ind-1 South Korean coast Marphysa sanguinea 142  

3.03 ± 4.06 MPs ind-1 Goiana Estuary, Brazil Cynoscion acoupa 143 

1.9-4.1 MPs ind-1 NSR estuaries, UK Mytilus edulis 

 

144 

2.93 ± 2.83 MPs ind-1 Thames estuary, UK Benthic flat fish 
140 

https://www.frontiersin.org/articles/10.3389/fenvs.2021.579127/full#B111
https://www.frontiersin.org/articles/10.3389/fenvs.2021.579127/full#B111
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1.50 ± 0.58 MPs ind-1 Thames estuary, UK Other benthic fish 
140 

3.20 ± 4.92 MPs ind-1 Thames estuary, UK Pelagic fish 
140 

Winter: 1 ± 0.82 MPs ind-1 

Autumn: 6.14 ± 5.33 MPs ind-1 

Thames estuary, UK 

 

Carcinus maenas 145 

Winter: 11.35 ± 7.91 MPs ind-1 

Spring: 5.67 ± 2.26 MPs ind-1 

Summer: 10 ± 0 MPs ind-1 

Thames estuary, UK Eriocheir sinensis 145 

0.05 ± 0.05 MPS ind-1 Scheldt estuary, Netherlands Scrobicularia plana 
146 

0.25 ± 0.12 MPs ind-1 Scheldt estuary, Netherlands Limecola balthica 
146 

0.1 ± 0.1 MP ind-1 Scheldt estuary, Netherlands Hediste diversicolor 146 

105 MPs g-1 Scheldt estuary, Netherlands Mytilus edulis 147 

30 MP g-1 Rhine estuary, Germany Crassostrea gigas 
148 

0 MP g-1 Rhine estuary, Germany Carcinus maenus 148 

 

Sediments 

   

114 ± 39 MPs kg−1 sed Changjiang estuary, China  149 

3,566 ± 2,113 MPs kg−1 sed Lagoon, Nova Scotia, Canada  150 

528 ± 30 MPs kg−1 sed Guanabara Bay estuary, Brazil  151 

10-60 MPs kg−1 sed Yangtze estuary, China  152 

Lowest: 2,400 ± 529 MPs kg−1 sed 

 

Durban Bay estuary, South Africa  63 
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Highest: 11,933 ± 29,189 MPs kg−1 sed  

217 ± 172 MPs kg−1 sed Jagir estuary, Indonesia  153 

1049 ± 462 MPs kg−1 sed Fuhe River estuary, China  154 

54 ± 16 MPs kg−1 sed 

 

Waitemata estuary, New Zealand  25  

120 ± 46 MPs kg−1 sed Liaohe estuary, China  155 

Lowest: 0 MPs kg−1 sed 

 

Highest: 1,030 ± 657 MPs kg−1 sed 

Bahia Blanca estuary, Argentina 

 

Mar Chiquita estuary, Argentina 

 156 

2,052 ± 746 MPs kg−1 sed Ebro estuary, Spain  157 

85.0 ± 40.1 MPs kg−1 sed Yondingxinhe estuary, China  158 

36.8 ± 23.6 MPs kg−1 sed 7 Mangrove sites, Singapore  159 

Fragments: 0-62,100 MPs kg−1 sed 

Fibres: 100-1,400 MPs kg-1 sed 

East Frisian Islands, German Wadden Sea 

(Adjacent to Ems-Dollard estuary) 

 160 

112-2,480 MPs kg-1 sed East Frisian German coast to the Danish 

North Sea coast 

 161 

2.8-1,189 MPs kg−1 sed Southern North Sea  162  

377 ± 630 MPs kg-1 sed 

Lowest: 0 MPs kg-1 sed 

Highest: 3146 MPs kg-1 sed 

North-East Atlantic (UK, BE, NL, FR) 

(Coastal sediments) 

 163 
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**6.36 ± 4.89 MPs m-3 Goiana estuary, Brazil  164 

93 (46-100) MPs kg-1 sed Warnow estuary, Germany  165 

3,305 ± 417 MPs kg−1 sed Rhine estuary, Germany  148  

210 ± 29.3 MPs kg-1 sed Scheldt river-estuary, Netherlands  166 

646–50,124 MPs kg-1 sed Scheldt river, Belgium  167 

97.2 ± 18.6 MPs kg-1 sed North sea, continental shelf, Belgium  168 

182.3 ± 128.7 MPs kg-1 sed North sea, Belgian coast, Belgium  169 

**2.26 × 104 MPs m-3 Elbe estuary, Germany  21 

**16.4 ± 6.3 MPs m-2 Essex estuary SAC (subtidal)  170 

**349.3 ± 87.7 MPs m-2 Runswick Bay, UK (subtidal)  170 

**128.8 ± 96.4 MPs m-2 Blackwater estuary, Essex, UK (intertidal)  170 

**72.9 ± 13.6 MPs m-2 Humber estuary, UK (subtidal)  170 

**413.8 ± 76.7 MPs m-2 Charleston harbour, US  171 

**221.0 ± 25.6 MP m-2 Winyah Bay, US  171 

810 ± 210 MPs kg-1 sed Göteborg harbour, Sweden  172 

 

Water column 

   

> 10 MPs m-3 Baltic Sea Basin  87 

93.07 ± 36.78 MPS m-3 Durban estuary, SA  63 

6,600 ± 1,300 MPs m-3 Charleston Harbor  171 
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30,800 ± 12,100 MPs m-3 Winyah Bay  171 

0.27 MPs m-3 Tamar estuary, UK  173  

0.028 MPs m-3 Tamar estuary, UK  174 

0.17 MPs m-3 Douros estuary, Portugal  175 

0-269 MPs m-3 Yangtze estuary, China  152 

0.1-245.4 MPs m-3 Southern North Sea  162 

5.57 ± 4.33 MPs m-3 Elbe estuary, Germany  21 

0.0016 MPs per m-3 Scheldt estuary, Netherlands  176 

0.05-8.3 MPs m-3 Rhine-river, Germany  177 

21.7 ± 11.7 MPs m-3 Scheldt estuary, Netherlands  166 

23-9,700 MPs m-3 

 

0.01-0.98 MPs m-3 

Weser estuary to the German North Sea 

(23 stations) 

11 – 500 μm fraction 

 

500 – 5000 μm fraction 

178 

13,000 (1,000-68,000) MPs m-3 

 

7,000 (400-20,000) MPs m-3 

Skagerrack, Swedish West Coast 2013 data (no fibres) 

 

2014 data (no fibres) 

179 

0.9 MPs m-3 

 

2.9 MPs m-3 

Göteborg harbour, Sweden Dry season 

 

Wet season 

172 

0.73 MPs m-3 Turku harbour, Gulf of Finland  180 
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6. MPs spatial-temporal distribution in estuarine waters 
 

6.1 Physico-chemical influences on MPs distribution in estuarine waters 

While the global occurrence of MPs pollution in different estuarine compartments (Table 2) is 

relatively well documented55,181,182, the patterns and driving factors that influence MPs spatial 

distributions remain poorly understood. Estuaries are characterized by their highly variable and 

complex dynamics, exhibiting steep salinity gradients, fluctuating water, sediment and nutrient inputs 

that occur at varying spatial and temporal scales. These variable characteristics together with the 

influence of the surrounding catchment (land use and degree of urbanization) may contribute to the 

variability in MPs distributions and abundance that have been documented95,183–185.  

River discharge and tidal inputs can modulate MPs inputs but also influence the salinity 

gradient, water exchange and mixing that occurs down the length of the estuary, which in turn may 

influence MPs behaviour and distribution59,185,186. Estuaries can trap river inputs of sediment, 

accumulating them in the turbidity maximum zone (TMZ) in the upper region of estuaries187 (Fig 2), 

with four times higher MP concentrations within the TMZ of the Weser estuary compared to sites at the 

North Sea margin178. Stratification, turbulence and mixing will all affect the vertical distribution of MPs 

in the water column54,95,185,188 with MPs buoyancy, ion adsorbance and aggregation also influencing the 

settling of MPs through the water column as they are transported along the salinity gradient of the 

estuary, in addition to the role of specific polymer characteristics and biofouling56,178,189,190. Certain 

polymers, namely PE, PP and PS, have been found to vary down river-estuary continuums with 

salinity21, but several studies have also failed to detect this relationship191. This is likely due to the 

differences in estuarine conditions and the variety of polymers observed. While accounting for these 

processes in MPs transport models is crucial192,193 the inclusion of these mechanistic processes is still 

currently lacking due to a dearth of empirical evidence. 

To date, evidence of MP distributions from different types of estuaries (salt-wedge, partially- 

and well-mixed estuaries), with different and hydrological and geomorphological features within 

estuaries remains limited185,194 but will likely influence MPs distributions. Man-made structures or 

features that interrupt the flow, such as barrages21 and rocky outcrops to reduce erosion195 may influence 

MPs distribution patterns and burial. Furthermore, habitat creation through managed realignment196 will 

not only increase the area available for deposition of contaminated sediments197, and hence MPs, but 

the reestablishment of saltmarshes in the area is a primary aim of realignment sites196 and will attenuate 

the flow and aid MPs deposition (see below).  
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Fig 2: Schematic illustrating the main physical, chemical and biological processes influencing microplastic spatial and temporal distributions in estuarine 

waters, sediment and biota
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6.2 Biological influences on MPs distribution in estuarine waters 

An understanding of MPs-microbe interactions and biofouling effects on MPs transport and 

fate in estuarine environments is crucial but still primitive. MPs deposition was initially believed to be 

a function of the MPs chemical make-up and polymer density (Table 1), however, the vertical transport 

and accumulation of buoyant MPs such as PE and PP in sediments21,198, has emphasised the role of MPs 

weathering and biofouling in altering MPs properties, behaviour and fate. Biofilm formation around 

MPs can promote aggregation with other particulates including MPs, sediments, contaminants, 

phytoplankton56,191,199 altering MPs settling dynamics190,199–203. Microbial aggregation can cause MPs to 

become denser than individual, pristine particles, altering MPs sinking rates from tens to hundreds of 

metres per day depending on the taxa present and conditions such as turbulence199. While in general 

biofouling is believed to increase the density of MPs, the buoyancy of low-density PP and high-density 

polyurethane (PU) can instead increase190,204. Biofouling and aggregation therefore alter MPs behaviour, 

vertical distributions, downward flux and the horizontal distance travelled prior to settling19,205–207. 

Differences in water temperature, salinity and light climate in temperate estuaries will all influence 

biofilm growth and decay rates throughout the year27,133,208–210, and these effects should be explored 

further in future studies. 

As microbial biofilms develop on the surface, and MPs-phytoplankton aggregates form, 

zooplankton and larger fauna can actively and passively ingest MPs211,212 which will play a role in MPs 

buoyancy and their vertical transport through the water column47,213,214. MPs ingested by zooplankton 

may be retained in the gut and sink on the death of the organism, but MPs are also repackaged and 

excreted as fecal pellets7,213,215, with the sinking rate of MPs-pellets differing depending on the polymer 

type and density as well as the composition and density of the fecal pellets. For example, Cole et al.213 

observed a 2.25-fold decrease in copepod pellet sinking rates due to the ingestion of low-density PS, 

but it is likely that high density polymers would have the opposite effect. Furthermore, the sinking rate 

of different organisms’ fecal pellets can vary substantially from tens to thousands of metres per 

day216,217, the effects of the polymer will depend on the ingesting organism. Currently, our knowledge 

of these processes is still scarce, but we need to better quantify ingestion-egestion rates and characterize 

the setting rate of excreted MPs-rich fecal pellets from a variety of pelagic and benthic organisms. 
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7. MPs spatial-temporal distribution in estuarine sediments 

7.1 Physico-chemical influences on MPs distributions in estuarine sediments 

MPs source to sink dynamics, accumulation hotspots and long-term burial in estuarine 

sediments is also still poorly constrained, however, MPs abundance can be up to three orders of 

magnitude greater in sediments than in the overlying water column21,218. MPs are ubiquitous across 

different sedimentary environments including fine and coarse beds63,219,220 and a number of studies have 

detected relationships between MPs and sediment grain25,208,218,220–222, whilst other have not138,149,151. 

Low density MPs will be more likely to settle out in areas of low flow conditions223,224 perhaps 

explaining the positive relationships between MPs, and more so fibres, with organic-rich fine muds 

documented in several studies25,152,153.  

The cyclical flux of MPs across the sediment-water interface may drive MPs hotspots if MPs 

resuspension and removal vary spatially and temporally across and within tidal estuaries. Indeed, flow 

variation over tidal cycles (spring-neap), tidal phases (flood/ebb) can modulate MPs exchange between 

the sediment and water column, affecting the net direction and flux of MPs through 

estuaries54,191,194,225,226. It is therefore important to consider the role of the tidal regime and 

geomorphology of different estuaries. While many analogues can be taken from well-studied sediment 

transport processes93,94,187, ???end of thought? 

Adequate ebb flows may resuspend deposited MPs, preventing MPs accumulation on the bed227. 

Indeed, differences in MPs size and concentrations have been observed, such as smaller sizes and lower 

abundances during neap, ebb tides in the water column (Tamar estuary, UK)174 and greater MPs 

abundances in surface sediments (Yangtze estuary) during low-energy neap tides191. Similarly, higher 

MPs abundances were detected in saltmarsh creeks (ebb tides, where) during spring tides suggestive of 

tidal trapping228. However, others have found little or no tidal trapping of MPs occurs229.  

MPs abundance in sediments is often linked to the proximity to urban centres, agricultural land, 

industry, CSOs, WWTPs and the temporal dynamics of terrestrial activities, although findings are not 

always consistent across studies and sites64,79,184,220,230–233. This is due to the variety of both diffusive and 

point sources that contribute to MPs entry into, and redistribution around, estuaries. Positive 

correlations may be simply related to high MPs abundances associated with a particular land use or 

system79,234, but it can also be related to conditions once MPs enter the estuary. For example, dense 

MPs-aggregates may form due to oils from WWTPs, intense biofouling or salinity changes, promoting 

MPs deposition close to point sources in the upper estuary194,227,235. 
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Rainfall, waves, currents and storm events will influence MPs accumulation points but the 

timescale of these processes is hard to generalize across dynamic estuarine environments225,236–238. In 

temperate regions, river discharge and flooding of riparian banks is typically higher during winter, 

which may erode and resuspend riverine MPs, bringing a seasonal pulses of MPs into estuaries239 and 

coastal wetlands207. Inter-annual variation is poorly constrained, but sediments from Tokyo Bay 

contained far higher MP concentrations in July 2012 (1,845–5,385 MPs kg−1) compared to sediments 

sampled in July 2014 (243 MPs kg−1) from the same location240. Sediments in wind-wave dominated 

estuaries typically accumulate double the number of MPs as tidal dominated systems13,241, but the degree 

of wave and tidal action in a system will disperse MPs along the coast and their export to open waters 

and these processes are highly dynamic. 

While MPs are often more concentrated in surface sediments242, strong winds can easily erode the 

top 3.5 cm of intertidal sediments243,244 potentially removing significant amounts of MPs over different 

timescales. However, MPs accumulation over time and sedimentation rates mean that deeper layers 

should be considered when assessing temporal trends in MPs inputs to estuaries240. Pressure gradients 

and flow through permeable sediments can cause MP infiltration and trapping185 deeper in the sediment 

profile185,245 and understanding these processes, in addition to biological mixing (see below), will be 

crucial for chronological dating of MPs inputs240. Moreover, estimating net accumulation rates (e.g. 

MPs m-2 year-1) predicates an understanding of the role of sediment beds as a transient or long-term 

MPs sink. 

Dredging of sediment beds may also alter MPs sediment distributions but quantitative evidence 

is limited63,112,246,247. This makes it difficult to assess effects of this activity on MPs resuspension and 

distribution within estuaries, or how MPs transfer with sediment may affect removal and dumping sites, 

which are predominantly designated disposal sites further offshore112. Dredged riverbed material 

originating from North Sea coastal river (Aa River, France) and southeast China have been found to 

contain 0.93–2,800 MPs kg-1 sediment246, and 6,060-37,610 MPs kg-1 sediment247, respectively. The 

former of these studies estimated that their findings equated to up to 9 tons of plastic material being 

transferred to a single dumping site246, and may significantly influence MPs abundance and distribution 

in a number of NSR estuaries. Dredging also causes significant amounts of resuspension of fine 

sediments and other contaminants248,249, which will cause the resuspension and transport of MPs if 

contained within those dredged bed.  
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7.2 Biological influences on MP distribution in estuarine sediments 

Knowledge of MPs-biota interactions on estuarine sediments are also fundamental to 

understanding when and how MPs are spatially and temporally redistributed within and through 

estuaries over time. As MPs -rich fecal pellets and MPs -aggregates are grazed on or the entire particle 

is consumed and egested, the repackaged MPs may be degraded over time and eventually, even buoyant 

MPs will settle on the sediment bed. As settling occurs detritivores, zooplankton, suspension- or 

deposit- feeders may ingest MPs, and they will interact with benthic microbial biofilms on the surface, 

as they do in fluvial environments250.  

Fluctuating light, temperature and salinity conditions that drive the growth and decay of 

biofilms forming on MPs251 will increase flocculation and settling to the bed during spring and summer 

months252. Only recently has the role of benthic biofilms in modulating MPs dynamics across the 

sediment-water interface been considered133,250,253. Benthic biofilms are known sinks for a variety of 

particulates and contaminants254,255 and they have been identified as significant MPs sinks in lotic 

systems256 so they have the potential to mediate MPs transport through estuaries. As high biofilm growth 

(benthic and planktonic) will coincide with periods of lower river discharge and physical disturbance 

from flow, deposited MPs may not be resuspended easily with the tide during warmer months, leading 

to net accumulation on the bed, whereas MPs may be more mobile in winter. The dynamic nature of 

biofilms means these biological processes and MPs dynamics would vary spatially with biofilm 

distribution, but also temporally as biofilms grow and decay. This remains understudied but may explain 

greater MPs accumulation in ‘fluffy’ organic sediment surfaces observed during spring periods257. 

Furthermore, evidence of MPs dynamics and their association with benthic biofilms under different 

hydrodynamic conditions will be vital for parameterising MP transport models. 

While biofilms may play a role in MPs dynamics, the potentially effects of MPs exposure on 

benthic biofilm communities24,258, grazers and metabolic activity26,132,258,259, may lead to feedbacks that 

influence MPs distributions. For instance, silt accumulation can increase microbial metabolic activity 

and biofilm formation, which further promotes silt accumulation in the biofilm (positive feedback260). 

Conversely, triclosan accumulation can impair biofilm formation and stability, increasing the 

resuspension of material from the bed and the resuspension of contaminated sediments (negative 

feedback261). If MPs positively or negatively affect benthic microorganisms and biofilms, MPs 

accumulation on the bed could regulate their own residency times and transport through estuaries.  

MPs accumulation in vegetated (e.g. reefs, salt marshes, seagrass beds, mangroves) and other 

biogenic (e.g. mussel and oyster beds) habitats also remains poorly constrained. Nonetheless, recent 
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studies have demonstrated that the depositional nature and structural complexity of these habitats may 

enhance the deposition, trapping and burial of MPs228,262–266. The presence of vegetation can concentrate 

and trap MPs from the overlying water, as seen with Ulva prolifera267. The majority of MPs trapped in 

vegetated habitats (90%) are typically found in the underlying sediments265, but MPs can also adhere to 

above ground vegetation due to the presence of sticky biofilms and epi-benthic organisms265,268–270. 

While MPs morphology can affect their deposition271 and resuspension272 dynamics, a recent 

seagrass study found no difference in MPs trapping efficiency related to MPs shape or size263. MPs 

distribution and abundance in vegetation can, however, vary with water depth (intertidal vs subtidal 

sites), invertebrate community composition and the areal coverage of vegetation146,195,270,273,274. 

Furthermore, above ground vegetation (canopies) can limit MPs movement vertically and horizontally 

with enhanced MPs deposition at the edge of vegetation229,275, by dampening the incoming flow. 

Vegetation can also trap significant amounts of MPs compared unvegetated intertidal areas, so these 

habitats can be a significant source of MPs if plastics accumulate and fragment229,276. 

Evidence of MPs ingestion across different invertebrates and feeding strategies is 

limited146,257,277,278, but ingestion has now been documented for a variety of estuarine species through 

field and laboratory studies23,146,167,279. While one study detected no differences related to feeding 

strategy146 differences in feeding mode have been observed elsewhere277,278,280. Nevertheless, different 

species have the potential to concentrate MPs within biogenic habitats. Suspension feeders may actively 

or passively capture MPs from the overlying water146,167,264,281 increasing the transfer of MPs to the bed. 

MPs rejection or ingestion-egestion may then transfer MPs-rich faeces and pseudofaeces to different 

positions within the bed257,264 Repackaging of MPs into fecal pellets may increase the density of MPs264, 

but pseudofaeces deposited on the sediment surface are often low-density and unstable 282 and MPs may 

be stripped of biofilms and so that their buoyancy is regained283, meaning egested MPs may be easily 

eroded with tides and currents. 

Deep burrowing infauna may transfer MPs from the water column and sediment surface deep 

into the bed257,284,285 resulting in a net burial of these particles257,285 and MPs can even be incorporated 

into tubes and burrow walls286,287. The role of different species, across different systems, however, is 

still poorly constrained, with upward conveyors, burrow excavators and those that deposit pseudofaeces 

at the surface potentially transferring MPs to the sediment-water interface where they can be eroded 

and remobilised. Remobilisation will be reduced when MPs are transferred below the depth of sediment 

movement due to bedload and resuspension dynamics (see above), and thus biological redistribution 

will affect sedimentary MPs accumulation rates and flux back into the water column.  
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Finally, for MPs that are ingested and then retained, the particles will be stored within the 

organism until their death. The death and decay of an organism containing MPs will release them back 

to the surrounding environment, with their distribution and fate largely dependent on where the 

organism inhabits and how/where they decay. This may be on or in the bed, in the water column (with 

sinking to the bed) or further consumption of the MPs -consumer by scavengers, detrivores or predators 

(e.g. fish, shore birds), with MPs quickly re-introduced to the food web due to efficient trophic 

transfer288. With predictions that by 2050, up to 99% of all seabirds will have ingested plastics (Wilcox 

et al., 2015; Hu et al., 2016; Lusher et al., 2017a), the trophic transfer of MPs through the estuarine 

foodwebs may therefore play a significant role in their mobility and distributions (Setälä et al., 2014; 

Santana et al., 2017). A higher prevalence of MPs in omnivores such as Carcinus aestuarii (95%), 

compared to suspension or facultative deposit feeding bivalves (such as Cerastoderma glaucum or 

Mytilus galloprovincialis 0.5-3%)146 suggests trophic interactions are an efficient yet unconstrained 

MPs transfer dynamic. Yet, trophic transfer may not be the primary exposure route for omnivores such 

as crabs. A global study looking at the functional traits of different crabs and the influence of these traits 

on the ingestion of MPs, emphasised that burrowing crabs contained more MPs than omnivorous crabs 

due to their interaction with the MPs -rich sediments they inhabit289.  

While the number of MPs ingested across studies can vary considerably (Table 2), field 

sampling and laboratory exposure studies suggest that benthic fauna may be a significant, albeit 

transient sink of estuarine MPs. An organism’s tendency to ingest and retain MPs will be related to their 

specific functional traits, so warranting additional studies that encompass a range of traits and processes 

and interactions. It is essential that further evidence is gathered to delineate the role of different fauna, 

feeding strategies, bioturbation rates and burrow depth on MPs spatial and temporal dynamics in 

estuarine systems, as biological interactions have the potential to play major roles in MPs transport and 

sequestration in estuarine systems. 

8. MPs distributions in NSR estuaries 

Direct evidence of MPs pollution in North Sea Region (NSR) estuaries continues to gather but 

is currently limited. However, our knowledge of MPs pollution in global estuarine and tidal ecosystems 

can be used to understand the potential MPs pollution issues faced in NSR estuaries. While we have not 

performed a full systematic analysis of all MPs studies in estuarine environments, a range of findings 

are presented in Table 2 to provide a comparison between global and NSR studies. A full chemical 

characterisation of MPs is now seen as fundamental for a true quantification of MPs in the environment 

and studies that identify solely based on visual inspection may be over-estimating MPs abundances32,98. 

However, we have made no attempt to confirm suspected MPs across the studies and taken the available 
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data from the literature. Mean MPs concentrations in intertidal waters range considerably, from a mean 

of 0.17 MPs m-3 in the Douros estuary, Portugal175 to 30,800 MPs m-3 in Winyah Bay, US171. In 

comparison, NSR estuarine waters exhibit MPs concentrations ranging from 0.01 to 9,700 MPs m3, 

which were observed across a transect of the Weser estuary to the German North Sea178. Estuarine 

sediments also exhibited a wide range of concentrations across sites, ranging from 0 MPs kg-1 in the 

Bahia Blanca estuary, Argentina156 to 2,400 MPs kg-1 DW sed in the Durban Bay estuary, South 

Africa63. In comparison, the lowest MPs concentration in NSR estuaries (studies that present results as 

number of items kg-1 sed only) was 16.4 ± 6.3 MPs kg-1, from a subtidal site in the Essex SAC170, and 

the highest concentration of 3,305 ± 417 MPs kg-1 sed detected in the Rhine estuary, Germany148.  

It is worth noting that there are other studies with potentially higher concentrations presented 

in different units (e.g. MPs m-2) included in Table 2, we have chosen not to convert concentrations from 

areal-based units to sediment weight as this requires several assumptions about the sites. However, the 

conversion of the MPs concentrations found in Scherer et al.21 for example, to MPs kg-1 sed would 

potentially range between 5,650-11,300 MPs kg-1 sed for the Elbe estuary, based on the estimated grab 

weight provided by the authors (2-4 kg per grab). In addition, the study by Liebezeit and Dubaish160 in 

the Wadden Sea is not strictly estuarine, however, this area is influenced by five estuaries; the Varde Å 

estuary in Denmark, the Eider, Elbe and Weser estuaries in Germany and the Ems-Dollard estuary in 

the Netherlands/Germany290. MPs concentrations in this study were extremely high (0 – 62,100 MPs 

kg-1 sed), but like many studies the authors did not confirm suspected MPs were indeed synthetic 

polymers.  

A recent meta-analysis of the southern NSR waters also highlights that while MPs were 

detected across 46 sample sites, MPs abundance and polymer type differed significantly depending on 

sampling location162. The author’s found MPs were more abundant in waters around the English 

Channel and the western side of the Netherlands but decreased northward. This analysis highlighted the 

prevalence and dominance of varnish, polyurethane (PUR) and acrylates, presumably from shipping 

vessels around the Scheldt estuary and Rhine-Meuse-delta system162 which are likely sourced from 

shipping and vessel paints. It has also been suggested that MPs abundance in sediments along the Dutch 

and the Eastern Frisian coast are generally higher than in sediments of the Danish coast because of the 

intense shipping traffic in the southern NSR161. However, while vessel paint coatings are thought to be 

one of the largest contributing sources to marine MPs291, their fragile nature means they will eventually 

fragment into small MPs and nanoplastics particles (at least one dimension in the size range 1 nm – 

1,000 nm), likely rendering them underestimated due to the current knowledge gap on how to isolate 

and quantify them in environmental matrices292. These polymers (PUR, acrylates, varnish) were also 
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prevalent in the smaller fraction of MPs (11-500 µm) extracted from sediments in the German Bight293 

and the Weser Estuary178. This latter study, however, found the larger fraction of MPs > 500 µm was 

dominated by PE; one of the most abundant polymers observed globally in estuarine waters and 

sediments294. Spatial differences in polymer abundance and dominance as well as a difference in 

polymers found in different size fractions emphasizes the importance of adequate sampling methods (to 

capture and isolate smaller particles) as this will prevent drastic underestimations in MPs concentrations 

178,220. 

9. Potential hazards & risks associated with MPs in estuaries 

At the moment, we do not fully understand the risks and hazards that MPs pollution may pose 

to estuarine organisms and environments, so it is vital that we gather evidence of potential effects on 

different organisms and communities, but also the wider ecosystem processes and function. Estuarine 

ecosystems, and the organisms within them, are fundamental for many ecosystem processes functions 

and services that we rely upon as a society295,296 and many estuarine species and processes are already 

vulnerable to other anthropogenic impacts and climate change297–299, so understanding any negative 

effects of MPs on individuals, species and communities is crucial. 

The functional effects of MPs exposure are poorly understood in the natural environment26, 

however, various laboratory exposure studies have detected potential negative effects functionally 

important for microbes and fauna24,132,258,300. Several studies have documented negative physiological 

effects in different species, including physical damage to the gut (due to passage or compaction), altered 

growth and reproductive success, endocrine disruption or nutrient deficiency23,279,301–304. As mentioned 

above, the feeding mode and activity of benthic invertebrates can influence their susceptibility to MPs 

ingestion and effects277,289 and this together with other species-specific traits such as an organisms 

distribution in the sediment bed, may influence the organism’s sensitivity to MPs, as observed for 

contaminants such as metals305. 

Effects on benthic ecosystem engineers, may also influence their functional role in the 

environment, with potentially wider implications for how the system functions under increasing 

anthropogenic pressures. Behavioural changes can be a very sensitive indicator of contaminant 

effects306, for example an organism’s filtration rates can be altered307,308. When this occurs in  benthic 

filter feeders, it can lead to changes of sedimentary nutrient cycling24,132,258. When key bioturbators, 

such as Arenicola marina are exposed to MPs, sediment turnover rates can be reduced and stratification 

of MPs within the bed can occur as the organism rejects certain particles at depth259,309. By altering the 

behaviour of key bioturbators, MPs pollution has potential implications for the role of benthic infauna 

in maintaining permeable, oxygenated sediments310. Different burrowing bivalves have become less 



 

  
 

 
 

 
 

 
 

 

Page 28 of 56 
 

active and reside slightly deeper burrows when MPs were added to the sediment surface, with the latter 

suspected as an avoidance tactic258,259. Other studies have observed no changes in bivalve bioturbation 

behaviour23, but bivalves were exposed to MPs distributed throughout the bed rather than exposed to 

MPs concentrated on surface layers of sediment where they tend to accumulate naturally242. The 

mechanistic interactions between infauna and benthic microalgae may also be altered in such a way that 

primary producer biomass is reduced, oxygen dynamics are altered or erodibility is increased24,26,253,258 

so there are key flora-fauna feedback processes that have to be considered. 

While some researchers do not believe in situ MPs exposure levels are high enough to pose any 

risk311, the potential for effects, now and in the future, on communities, organism interactions and the 

ecosystem functions and services that they underpin is still concerning. The lack of understanding 

surrounding the effects of polymer type, size, shape, surface area, density, ageing and persistence on 

MPs fate and associated hazards means that we cannot currently fully assess the risks312. This is 

compounded by the use of unrealistic exposure concentrations, virgin and differently aged particles, 

single polymer (e.g. just PE) additions, and the fact that main studies have focused on using low-density 

PS and PE, or spherical particles over other types or shapes. As plastics become smaller, their reduced 

size increases their likelihood of ingestion by a range of organisms including fish and zooplankton313 . 

There is also the potential risk of translocation from gut to other tissues as demonstrated in ex vivo 

experiments using fish314, and the high surface-to-volume ratio means they have a higher affinity for 

chemicals, microbes, heavy metals and other particulates potentially increasing the risks associated with 

them over time315–317.  

MPs research must be streamlined and research must adhere to a minimum standard318, 

particularly as i) plastic production and pollution reaching marine environments are increasing 

drastically, with pollution potentially doubling by 2050319, ii) plastics and MPs will eventually fragment 

in the environment and thus reach smaller and smaller sizes, and iii) MPs are interacting with other 

potential stressors that estuarine ecosystems are facing now and in the future, e.g. climate change and 

other contaminants. It has recently been highlighted that further research is needed to elucidate sources 

of toxic chemicals found on and in MPs320. Various additives and fillers are added during the 

manufacturing of plastic products (and MPs) to improve their quality and durability321 and these can 

constitute a large fraction of the particle, for example polyvinyl chloride plastics can contain up to 50% 

phthalates by weight322. Similarly, additives in tyre wear particles contain various toxic chemicals that 

can leach into the environment40. Many other toxins can also be adsorbed from the surrounding 

environment323, establishing MPs as a vector in the transport of sorbed chemicals and persistent organic 

pollutants, such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
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PFAS, and heavy metals, as well as pathogens throughout estuaries to different environments and 

various organisms including humans194,324–329, but far less chemicals may be transferred into organisms 

from MPs than from surrounding sediments and waters or prey items330. 

A recent global analysis (75 sites, 26 countries) with NSR samples collected as part of the EU 

MICRO INTERREG project (http://www.ilvo.vlaanderen.be/micro/), found one of the highest total 

PAHs concentrations (associated with MP-pellets) in the Forth Estuary, Scotland (16.4 x 103 ng g-1 

pellet), associated with a nearby oil refinery331. Concentrations of phthalates detected in German 

riverine waters (Elbe, Havel, Mosel, Oder, Rhine, Ruhr, Spree) ranged between 0.12 and 97.8 μg L−1 in 

2002332 and while the authors believed these were a significant source of phthalates into the North Sea, 

a later study by Xie et al.333 found concentrations were 2 or 3 orders of magnitude lower than expected 

in the adjacent Sea. Phthalates tend to adsorb to MPs, particular when MPs are weathered and 

biofouled334 and PAHs and POPs also tend to adsorb strongly to suspended particles and sediments in 

water, including MPs328,335, so they become a vector for transporting toxic chemicals to biota and 

estuarine sediments324,336–338. The biofilm that forms around MPs can facilitate the adsorption of heavy 

metals on to MPs and their transport through marine systems235,336, however, other exposure routes 

chemicals may have a greater effect on organisms (e.g. sediments, water, trophic transfer)339–341.  

When ingested, the chemicals and associated additives with MPs can desorb and the combined 

effects of two contaminants can sometimes also lead to synergistic effects on organisms and MPs have 

can increase the toxic effects of other pollutants342, negatively affecting an organisms physiological 

state41,343, immune response344 and growth345. Exposure to MPs with adsorbed PAHs can decrease the 

activity levels of Hediste diversicolor; by inducing cell damage and lowering their immune response335 

and this can cause oxidative stress on Scrobularia plana346. Anti-fouling paint particles (mixes of 

plastics and metals) have also been shown to significantly reduce the feeding, weight and burrowing 

activity of Hediste diversicolor and lead to the mortality of Cerastoderma edule347.  

It is important that MPs pollution is not seen as a distraction from climate change research and 

mitigation efforts, but essential to address in the wider context of global change. UV and biological 

degradation can also cause the leaching of dissolved organic carbon (DOC)348,349 or additives that can 

alter the quality and quantity of dissolved organic matter (DOM) in aquatic environments 350,351. This, 

together with the vertical transport of carbon-rich MPs-packages (e.g. in fecal pellets) to the bed may 

alter carbon availability and cycling at both local and global scales352–354. Furthermore, MPs can increase 

the release of greenhouse gases such as CO2 and N2O from soils and freshwater sediments 355,356 and 

http://www.ilvo.vlaanderen.be/micro/
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floating plastics are estimated to release 76 metric tons of methane per year357. MPs pollution in 

estuaries therefore has the potential to undermine climate mitigation efforts.  

10. Mitigation & adaptation strategies 

10.1 Monitoring strategies 

Due to their global distributions, sessile lifestyle, feeding mode and predictable response to 

other pollutants358, filter feeding mussels (e.g. Mytilus edulis) have been proposed as global potential 

indicator of MPs pollution across systems359,360. While suspension feeders can actively and/or passively 

capture MPs from the water column167,264,287, their use as an indicator of all MPs pollution may be 

limited. Like many other filter feeders, mussels can be selective in what they ingest based on the 

particles size, shape or perceived quality as a food resource361–363. Macroalgae have also been proposed 

as a bio-indicator of MPs pollution, as they can trap MPs without any apparent selectivity364, but their 

biogeographical distributions within and between systems may vary. It is likely, therefore, that more 

than one bio-indicator of plastic pollution will be necessary, and this is discussed further by Bonacco 

& Orlando-Bonaca365 for those interested. The advantages of isolating MPs from mussels is that they 

could potentially be incorporated into ongoing monitoring programs366, such as OSPAR's Coordinated 

Environmental Monitoring Program (CEMP), as this already routinely uses mussels as bioindicators of 

water pollution359.  

10.2 Prevention of MPs entry to estuarine environments 

We do not fully comprehend the scale of the MPs pollution issue, but a comprehensive source 

to sink approach is fundamental. In an ideal world, to limit MPs pollution in estuaries, mitigation and 

intervention strategies and policies must not only target MPs in estuarine environments but prevent the 

release of larger plastics and pre-production MPs further upstream as these are what make their way 

into our waterways and estuaries over time.  

Preventing the release of plastics (and MPs) into the environment is predicated on evidence of 

their entry locations, and this will perhaps emerge from studying the processes and mechanisms that 

influence the stock and flow of plastics in estuarine habitats as discussed. Unfortunately, quantifying 

and characterizing plastic sources and their entry to the environment will be difficult for as long as 

plastics manufacturing, use, release and end-use (e.g. their life cycle) remain a black box and regulations 

and monitoring are limited. This will require a concerted effort from a wide range of stakeholders as 

well as transparency and cooperation from manufactures and industry. 
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Policies that regulate and eradicate the release of MPs from outdated CSOs could be put in 

place as these are known point sources of estuarine MPs. Remediation strategies that target smaller 

particles, for example, through WWTPs may prevent the transport of MPs into estuarine environments 

in effluent. Estuary managers may wish to exclude key MPs sinks from dredging activities to prevent 

MP remobilisation into the water column, or these areas may be targeted for MPs removal. Regardless 

of strategy, this requires an understanding of MPs-hotspots or mechanisms that influence accumulation. 

It will also require a comprehensive understanding of where dredged material containing MPs is 

dumped, the effects this may have at the dumping site and the potential for it to make its way back into 

our waterways and estuaries over time if it is dumped on land. 

10.3 Nature based solutions 

Mitigation of MPs pollution cannot be successful by improving environmental recovery or 

waste management practices alone367 and it will requires a multifaceted approach, therefore the insights 

gained from investigating the spatial and temporal distribution of MPs in estuarine systems, their 

interactions with individual organisms, communities and habitats and the mechanisms that affect their 

transport will help lead to meaningful interventions. Enzymes produced by various microbes and even 

fauna have been shown to (slowly) degrade plastics368–370, but this degradation may also create MPs by 

fragmenting plastics into smaller pieces142,371 which are unlikely to be completely eliminated under 

natural conditions. Still, exploration of polymer degrading microbes, enzymatic processes and advances 

in biotechnology could lead to the use of enzymes to remove MPs from sludge or water as part of a 

wider waste management plan368. Using the aggregating and purifying nature of biofilms to extract MPs 

from the environment, or degrade MPs could be further and understanding how MPs interact with 

benthic biofilms and in the water column is a fundamental first step250.  

Recent studies have demonstrated the potential for benthic biofilms and vegetation within 

estuaries to capture MPs on the bed under typical estuarine flow conditions269,372,373, which may alter 

the fate and bioavailability of MPs in the system.  However, we have limited knowledge of MP trapping 

under different conditions and utilising this information as part of an effective management strategy, 

e.g. to either remove MPs from these potential sinks or avoid its disturbance, has yet to be explored. 

Within the wider catchment, increasing the use of sustainable, natural filtration in urban areas 

such as raingardens could reduce the run-off and storm-driven transfer of plastics and MPs into our 

waterways by up to 96%374,375. The effectiveness of raingardens in preventing MPs from reaching 

estuarine waters has recently been demonstrated as part of a pilot project in the catchment area of Göta 

älv estuary376. Urban stormwater from a highly trafficked highway passing through Gothenburg is 

known to contain high amounts of MPs in addition to other pollutants like metals and aliphatic 
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compounds, phthalates and PAHs377,378. Characterisation of stormwater sediments, via pyro-GC/MS, 

demonstrated concentrations of polyisoprene and polybutadiene, which indicated MPs were dominated 

by particles originating from tyre and road wear (contents of >150 mg kg-1 DW sediment). Other plastic 

polymers that can be related to roads and traffic like PE, PP and PVC were also found at concentrations 

of ~100 mg kg-1 DW sediment. In the study by Johansson et al376, the polluted stormwater was directed 

through raingardens i.e. filters consisting of soil and active materials (biochar, peat, and ash) and in 

which plants known to extractand/or the degrade other pollutants are cultivated. Analysis of MPs (>10 

um) in the influent and effluent suggests that common MPs were filtered efficiently by the raingardens 

and emphasizes the potential for raingardens to limit the onward transport of MPs and other pollutants 

into estuarine systems. Specifically, MPs were found in >50 % of the influent water samples, while 

typically in less than 10% of the effluent samples, regardless of the specific filter type used. This study 

is ongoing, but the initial findings are promising as a nature-based solution to preventing MPs from 

entering the estuarine environment. 

Estuarine zooplankton, and sessile suspension and deposit feeding fauna may also act as natural 

filters for MPs, which can alter the behaviour, fate and bioavailability of MPs within estuaries. The bio-

mediation of MPs may provide a potential nature-based mitigation strategy that removes MPs from the 

water column or prevent their ongoing transport with a few key fauna now being targeted. For example, 

recently it has been demonstrated that 5 kg of mussels deployed at the mouth of a UK estuary, filtered 

out ~240 MPs (& other anthropogenic particles) each day379. Other invertebrates found on and in the 

sediment bed may also play a role in filtering MPs from estuarine waters, potentially removing MPs 

from the mobile surface sediment layers, and water column257.  The fate of MPs will depend on the 

particular organism’s feeding mode, and MP retention rates380 but a net burial could reduce MPs 

mobility, bioavailability and risks by sequestering them to deeper sediment layers. Protecting the 

biodiversity of our estuaries is therefore crucial to maintain these mechanisms that sequester MPs. Even 

the burrow systems of sediment dwelling infauna, can influence MPs trapping on the bed, with passive 

trapping of MPs in crab burrows381, and active trapping through the incorporation of MPs into burrow 

walls257. While it is unlikely that any single nature-based solutions could help mitigate against MPs in 

estuarine environments, a multi-faceted approach that encompasses these nature-based solutions to 

capture, trap or sequester MPs will be valuable in tackling MPs pollution. 

10.4 Preventing the remobilisation of legacy plastics 

MPs burial in estuarine sediments (either through sedimentation, physical advection or 

bioturbation) may immobilise MPs, if only temporarily, altering their potential to cause harm to various 

organisms. However, we are facing increasing storm events, and greater precipitation due to climate 



 

  
 

 
 

 
 

 
 

 

Page 33 of 56 
 

change, and these hydrological and meteorological changes will likely increase coastal erosion and 

sediment transport. With this, buried MPs may be remobilised in the future. It is vital that estuarine 

management strategies consider flood defences and flow management in combination with knowledge 

of MPs sinks to effectively manage MPs remobilization through transitional environments88,89.  

11. Summary of future needs and knowledge gaps  

Increasing our knowledge of the risks and hazards associated with MPs pollution in estuaries 

is vital to define the priority areas (species, habitats) that may be vulnerable to this emerging 

contaminant of concern. Understanding how key estuarine flora and fauna interact with MPs is crucial 

to not only understand MPs effects, but the role of biological modifications and interactions on MPs 

dynamics.   

Estuaries function as massive coastal filters and they are already predisposed to various other 

stressors. There is a crucial need to gather further scientific evidence, particularly across different NSR 

estuaries where data is lacking, to allow this pressure to be effectively managed. NSR estuaries are 

dynamic environments facing increasing pressures from flooding, increased sedimentation and various 

contaminants, which will impact how these estuaries function. We need to understand how MPs 

pollution interacts with these different stressors to effect organisms and communities, as well as the 

processes and functions that underpin ecosystem services we rely upon as a society. This can be 

achieved through a combination of controlled laboratory experiments using environmentally relevant 

MPs concentrations and types of particles (chemical and physical parameters) to elucidate the key risks, 

and field sampling to understand what is happening in the real world. 

MPs pollution is a global issue that requires a global solution, but we require local and regional 

management plans that can deal with MPs pollution. This may include the introduction of routine 

monitoring of MPs in different estuarine compartments as we lack long-term data that predicates 

mitigation strategies. MPs methods and analysis must also be streamline, and this is under development 

as part of the EU Marine Strategy Framework Directive (MSFD) enabling the wider assessment of MPs 

pollution within the EU and beyond.  

Finally, we must strive for more transparency from manufacturers to ascertain, polymer 

characteristics including additives and fillers used, and to determine local entry points and source to 

allow targeted efforts and prevent the entry of MPs into our estuarine environments. We must tackle 

MPs pollution at the source through regulation, as well as delivering effective management strategies 

to prevent, and deal with MPs pollution once they enter vulnerable estuarine ecosystems. Robust 
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evidence predicates public understanding, policy change and management strategies but also the 

introduction of regulatory measures to control and minimize their entry into estuarine systems in the 

first place. 

12. References 

1. Zhou, C., Bi, R., Su, C., Liu, W. & Wang, T. The emerging issue of microplastics in marine 

environment: A bibliometric analysis from 2004 to 2020. Mar. Pollut. Bull. 179, 113712 (2022). 

2. Cera, A., Cesarini, G. & Scalici, M. Microplastics in Freshwater: What Is the News from the 

World? Diversity 12, 276 (2020). 

3. de Souza Machado, A. A. et al. Impacts of microplastics on the soil biophysical environment. 

Environ. Sci. Technol. 52, 9656–9665 (2018). 

4. Hurley, R., Woodward, J. & Rothwell, J. J. Microplastic contamination of river beds 

significantly reduced by catchment-wide flooding. Nat. Geosci. 11, 251–257 (2018). 

5. Rillig, M. C. & Lehmann, A. Microplastic in terrestrial ecosystems. Science 368, 1430–1431 

(2020). 

6. Jamieson, A. J. et al. Microplastics and synthetic particles ingested by deep-sea amphipods in 

six of the deepest marine ecosystems on Earth. R. Soc. Open Sci. 6, 180667 (2018). 

7. Van Cauwenberghe, L., Vanreusel, A., Mees, J. & Janssen, C. R. Microplastic pollution in deep-

sea sediments. Environ. Pollut. 182, 495–499 (2013). 

8. Woodall, L. C. et al. The deep sea is a major sink for microplastic debris. R. Soc. Open Sci. 1, 

140317–140317 (2014). 

9. Lusher, A. L., Tirelli, V., O’Connor, I. & Officer, R. Microplastics in Arctic polar waters: The 

first reported values of particles in surface and sub-surface samples. Sci. Rep. 5, 1–9 (2015). 

10. Obbard, R. W. et al. Global warming releases microplastic legacy frozen in Arctic Sea ice. 

Earths Future 2, 315–320 (2014). 

11. Waller, C. L. et al. Microplastics in the Antarctic marine system: An emerging area of research. 

Sci. Total Environ. 598, 220–227 (2017). 

12. Brandon, J. A., Jones, W. & Ohman, M. D. Multidecadal increase in plastic particles in coastal 

ocean sediments. Sci. Adv. 5, 1–7 (2019). 

13. Harris, P. T. The fate of microplastic in marine sedimentary environments: A review and 

synthesis. Mar. Pollut. Bull. 158, 111398 (2020). 

14. Andrady, A. L. Microplastics in the marine environment. Mar. Pollut. Bull. 62, 1596–1605 

(2011). 

15. Horton, A. A., Walton, A., Spurgeon, D. J., Lahive, E. & Svendsen, C. Microplastics in 

freshwater and terrestrial environments: Evaluating the current understanding to identify the 

knowledge gaps and future research priorities. Sci. Total Environ. 586, 127–141 (2017). 

16. Sousa, M. C. et al. Modelling the distribution of microplastics released by wastewater treatment 

plants in Ria de Vigo (NW Iberian Peninsula). Mar. Pollut. Bull. 166, 112227 (2021). 

17. Adam, V., Yang, T. & Nowack, B. Toward an ecotoxicological risk assessment of 

microplastics: Comparison of available hazard and exposure data in freshwaters. Environ. 

Toxicol. Chem. 38, 436–447 (2019). 

18. Besseling, E., Quik, J. T. K., Sun, M. & Koelmans, A. A. Fate of nano- and microplastic in 

freshwater systems: A modeling study. Environ. Pollut. 220, 540–548 (2017). 



 

  
 

 
 

 
 

 
 

 

Page 35 of 56 
 

19. Kooi, M., Besseling, E., Kroeze, C., van Wezel, A. P. & Koelmans, A. A. Modeling the Fate 

and Transport of Plastic Debris in Freshwaters: Review and Guidance. in Freshwater 

Microplastics: Emerging Environmental Contaminants? (eds. Wagner, M. & Lambert, S.) 125–

152 (Springer International Publishing, 2018). doi:10.1007/978-3-319-61615-5_7. 

20. Lebreton, L. C. M. et al. River plastic emissions to the world’s oceans. Nat. Commun. 8, 1–10 

(2017). 

21. Scherer, C. et al. Comparative assessment of microplastics in water and sediment of a large 

European river. Sci. Total Environ. 738, 139866 (2020). 

22. Besseling, E., Wegner, A., Foekema, E. M., Van Den Heuvel-Greve, M. J. & Koelmans, A. A. 

Effects of microplastic on fitness and PCB bioaccumulation by the lugworm Arenicola marina 

(L.). Environ. Sci. Technol. 47, 593–600 (2013). 

23. Bour, A., Haarr, A., Keiter, S. & Hylland, K. Environmentally relevant microplastic exposure 

affects sediment-dwelling bivalves. Environ. Pollut. 236, 652–660 (2018). 

24. Green, D. S., Boots, B., O’Connor, N. E. & Thompson, R. Microplastics affect the ecological 

functioning of an important biogenic habitat. Environ. Sci. Technol. 51, 68–77 (2017). 

25. Hope, J. A., Coco, G., Ladewig, S. M. & Thrush, S. F. The distribution and ecological effects of 

microplastics in an estuarine ecosystem. Environ. Pollut. 288, 117731 (2021). 

26. Ladewig, S. M., Coco, G., Hope, J. A., Vieillard, A. M. & Thrush, S. F. Real-world impacts of 

microplastic pollution on seafloor ecosystem function. Sci. Total Environ. 858, 160114 (2023). 

27. Pinheiro, L. M., Agostini, V. O., Lima, A. R. A., Ward, R. D. & Pinho, G. L. L. The fate of 

plastic litter within estuarine compartments: An overview of current knowledge for the 

transboundary issue to guide future assessments. Environ. Pollut. 279, 116908 (2021). 

28. Geyer, R., Jambeck, J. R. & Law, K. L. Production, use, and fate of all plastics ever made. Sci. 

Adv. 3, 25–29 (2017). 

29. Hopewell, J., Dvorak, R. & Kosior, E. Plastics recycling: challenges and opportunities. Philos. 

Trans. R. Soc. B Biol. Sci. 364, 2115–2126 (2009). 

30. Gerassimidou, S. et al. Unpacking the complexity of the UK plastic packaging value chain: A 

stakeholder perspective. Sustain. Prod. Consum. 30, 657–673 (2022). 

31. Plastics Europe. Plastics - the Facts 2022. https://plasticseurope.org/knowledge-hub/plastics-

the-facts-2022/ (2022). 

32. Hidalgo-Ruz, V., Gutow, L., Thompson, R. C. & Thiel, M. Microplastics in the marine 

environment: A review of the methods used for identification and quantification. Environ. Sci. 

Technol. 46, 3060–75 (2012). 

33. Andersson-Sköld, Y. et al. Microplastics from tyre and road wear: a literature review. (Statens 

väg- och transportforskningsinstitut, 2020). 

34. Järlskog, I. Occurrence of Traffic-Derived Microplastics in Different Matrices in the Road 

Environment. (Chalmers University of Technology, 2022). 

35. Sommer, F. et al. Tire Abrasion as a Major Source of Microplastics in the Environment. Aerosol 

Air Qual. Res. 18, 2014–2028 (2018). 

36. Baensch-Baltruschat, B., Kocher, B., Stock, F. & Reifferscheid, G. Tyre and road wear particles 

(TRWP) - A review of generation, properties, emissions, human health risk, ecotoxicity, and 

fate in the environment. Sci. Total Environ. 733, 137823 (2020). 



 

  
 

 
 

 
 

 
 

 

Page 36 of 56 
 

37. Kole, P. J., Löhr, A. J., Van Belleghem, F. G. A. J. & Ragas, A. M. J. Wear and Tear of Tyres: 

A Stealthy Source of Microplastics in the Environment. Int. J. Environ. Res. Public. Health 14, 

1265 (2017). 

38. Hann, S. et al. Investigating options for reducing releases in the aquatic environment of 

microplastics emitted by (but not intentionally added in) products Final Report. (2018). 

39. Grigoratos, T., Gustafsson, M., Eriksson, O. & Martini, G. Experimental investigation of tread 

wear and particle emission from tyres with different treadwear marking. Atmos. Environ. 182, 

200–212 (2018). 

40. Halsband, C., Sørensen, L., Booth, A. M. & Herzke, D. Car Tire Crumb Rubber: Does Leaching 

Produce a Toxic Chemical Cocktail in Coastal Marine Systems? Front. Environ. Sci. 8, (2020). 

41. Hermabessiere, L. et al. Occurrence and effects of plastic additives on marine environments and 

organisms: A review. Chemosphere 182, 781–793 (2017). 

42. Carney Almroth, B. M. et al. Quantifying shedding of synthetic fibers from textiles; a source of 

microplastics released into the environment. Environ. Sci. Pollut. Res. 25, 1191–1199 (2018). 

43. Napper, I. E. & Thompson, R. C. Release of synthetic microplastic plastic fibres from domestic 

washing machines: Effects of fabric type and washing conditions. Mar. Pollut. Bull. 112, 39–45 

(2016). 

44. Rochman, C. M. et al. Rethinking microplastics as a diverse contaminant suite. Environ. 

Toxicol. Chem. 38, 703–711 (2019). 

45. Microplastics - ECHA. https://echa.europa.eu/hot-topics/microplastics. 

46. Barnes, D. K. a, Galgani, F., Thompson, R. C. & Barlaz, M. Accumulation and fragmentation of 

plastic debris in global environments. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 364, 1985–1998 

(2009). 

47. Costa, M. F. et al. On the importance of size of plastic fragments and pellets on the strandline: a 

snapshot of a Brazilian beach. Environ. Monit. Assess. 168, 299–304 (2010). 

48. Lindeque, P. K. et al. Are we underestimating microplastic abundance in the marine 

environment? A comparison of microplastic capture with nets of different mesh-size. Environ. 

Pollut. 265, 114721 (2020). 

49. Hartmann, N. B. et al. Are We Speaking the Same Language? Recommendations for a 

Definition and Categorization Framework for Plastic Debris. Env. Sci Technol 53, (2019). 

50. Gesamp. Sources, fate and effects of microplastics in the marine environment: a global 

assessment. (IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP/UNDP Joint Group of 

Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP)) 96–96 

(2015). 

51. Napper, I. E., Bakir, A., Rowland, S. J. & Thompson, R. C. Characterisation, quantity and 

sorptive properties of microplastics extracted from cosmetics. Mar. Pollut. Bull. 99, 178–185 

(2015). 

52. Sharma, S. & Chatterjee, S. Microplastic pollution, a threat to marine ecosystem and human 

health: a short review. Environ. Sci. Pollut. Res. 24, 21530–21547 (2017). 

53. López, A. G., Najjar, R. G., Friedrichs, M. A. M., Hickner, M. A. & Wardrop, D. H. Estuaries 

as Filters for Riverine Microplastics: Simulations in a Large, Coastal-Plain Estuary. Front. Mar. 

Sci. 8, (2021). 

54. Zhang, H. Transport of microplastics in coastal seas. Estuar. Coast. Shelf Sci. 199, 74–86 

(2017). 



 

  
 

 
 

 
 

 
 

 

Page 37 of 56 
 

55. Su, L. et al. Global transportation of plastics and microplastics: A critical review of pathways 

and influences. Sci. Total Environ. 831, 154884 (2022). 

56. Unice, K. M. et al. Characterizing export of land-based microplastics to the estuary - Part I: 

Application of integrated geospatial microplastic transport models to assess tire and road wear 

particles in the Seine watershed. Sci. Total Environ. 646, 1639–1649 (2019). 

57. Mishra, S., Singh, R. P., Rath, C. C. & Das, A. P. Synthetic microfibers: Source, transport and 

their remediation. J. Water Process Eng. 38, 101612 (2020). 

58. Mishra, S., Rath, C. charan & Das, A. P. Marine microfiber pollution: A review on present 

status and future challenges. Mar. Pollut. Bull. 140, 188–197 (2019). 

59. Horton, A. A. & Dixon, S. J. Microplastics: An introduction to environmental transport 

processes. Wiley Interdiscip. Rev. Water 5, e1268–e1268 (2018). 

60. Parker-Jurd, F. N. F., Napper, I. E., Abbott, G. D., Hann, S. & Thompson, R. C. Quantifying the 

release of tyre wear particles to the marine environment via multiple pathways. Mar. Pollut. 

Bull. 172, 112897 (2021). 

61. Järlskog, I. et al. Occurrence of tire and bitumen wear microplastics on urban streets and in 

sweepsand and washwater. Sci. Total Environ. 729, 138950 (2020). 

62. Polanco, H., Hayes, S., Roble, C., Krupitsky, M. & Branco, B. The presence and significance of 

microplastics in surface water in the Lower Hudson River Estuary 2016–2019: A research note. 

Mar. Pollut. Bull. 161, 111702 (2020). 

63. Preston-Whyte, F. et al. Meso- and microplastics monitoring in harbour environments: A case 

study for the Port of Durban, South Africa. Mar. Pollut. Bull. 163, 111948 (2021). 

64. Murphy, F., Ewins, C., Carbonnier, F. & Quinn, B. Wastewater Treatment Works (WwTW) as a 

Source of Microplastics in the Aquatic Environment. Environ. Sci. Technol. 50, 5800–5808 

(2016). 

65. Su, Y. et al. Occurrence of microplastics in landfill systems and their fate with landfill age. 

Water Res. 164, 114968 (2019). 

66. Sieber, R., Kawecki, D. & Nowack, B. Dynamic probabilistic material flow analysis of rubber 

release from tires into the environment. Environ. Pollut. 258, 113573 (2020). 

67. Meijer, L. J. J., van Emmerik, T., van der Ent, R., Schmidt, C. & Lebreton, L. More than 1000 

rivers account for 80% of global riverine plastic emissions into the ocean. Sci. Adv. 7, eaaz5803 

(2021). 

68. Liro, M., Emmerik, T. van, Wyżga, B., Liro, J. & Mikuś, P. Macroplastic Storage and 

Remobilization in Rivers. Water 12, 2055 (2020). 

69. Morritt, D., Stefanoudis, P. V., Pearce, D., Crimmen, O. A. & Clark, P. F. Plastic in the Thames: 

A river runs through it. Mar. Pollut. Bull. 78, 196–200 (2014). 

70. Xia, F., Yao, Q., Zhang, J. & Wang, D. Effects of seasonal variation and resuspension on 

microplastics in river sediments. Environ. Pollut. 286, 117403 (2021). 

71. Boucher, J. et al. (Micro) plastic fluxes and stocks in Lake Geneva basin. TrAC Trends Anal. 

Chem. 112, 66–74 (2019). 

72. Magnusson, K. & Norén, F. Screening of microplastic particles in and down-stream a 

wastewater treatment plant. 

73. Mintenig, S. M., Int-Veen, I., Löder, M. G. J., Primpke, S. & Gerdts, G. Identification of 

microplastic in effluents of waste water treatment plants using focal plane array-based micro-

Fourier-transform infrared imaging. Water Res. 108, 365–372 (2017). 



 

  
 

 
 

 
 

 
 

 

Page 38 of 56 
 

74. Rasmussen, L. A., Iordachescu, L., Tumlin, S. & Vollertsen, J. A complete mass balance for 

plastics in a wastewater treatment plant - Macroplastics contributes more than microplastics. 

Water Res. 201, 117307 (2021). 

75. Chand, R., Rasmussen, L. A., Tumlin, S. & Vollertsen, J. The occurrence and fate of 

microplastics in a mesophilic anaerobic digester receiving sewage sludge, grease, and fatty 

slurries. Sci. Total Environ. 798, 149287 (2021). 

76. Conley, K., Clum, A., Deepe, J., Lane, H. & Beckingham, B. Wastewater treatment plants as a 

source of microplastics to an urban estuary: Removal efficiencies and loading per capita over 

one year. Water Res. X 3, 100030 (2019). 

77. Lee, H. & Kim, Y. Treatment characteristics of microplastics at biological sewage treatment 

facilities in Korea. Mar. Pollut. Bull. 137, 1–8 (2018). 

78. Baresel, C. & Olshammar, M. On the Importance of Sanitary Sewer Overflow on the Total 

Discharge of Microplastics from Sewage Water. J. Environ. Prot. 10, 1105–1118 (2019). 

79. Schmidt, C., Kumar, R., Yang, S. & Büttner, O. Microplastic particle emission from wastewater 

treatment plant effluents into river networks in Germany: Loads, spatial patterns of 

concentrations and potential toxicity. Sci. Total Environ. 737, 139544 (2020). 

80. UN Environment. 2017 UN World Water Development Report, Wastewater: The Untapped 

Resource. http://www.unep.org/resources/publication/2017-un-world-water-development-

report-wastewater-untapped-resource (2017). 

81. Jones, E. R., van Vliet, M. T. H., Qadir, M. & Bierkens, M. F. P. Country-level and gridded 

estimates of wastewater production, collection, treatment and reuse. Earth Syst. Sci. Data 13, 

237–254 (2021). 

82. Fortier, C. & Mailhot, A. Climate Change Impact on Combined Sewer Overflows. J. Water 

Resour. Plan. Manag. 141, 04014073 (2015). 

83. Hughes, J., Cowper-Heays, K., Olesson, E., Bell, R. & Stroombergen, A. Impacts and 

implications of climate change on wastewater systems: A New Zealand perspective. Clim. Risk 

Manag. 31, 100262 (2021). 

84. Keupers, I. & Willems, P. Impact of urban WWTP and CSO fluxes on river peak flow extremes 

under current and future climate conditions. Water Sci. Technol. 67, 2670–2676 (2013). 

85. Rowley, K. H., Cucknell, A.-C., Smith, B. D., Clark, P. F. & Morritt, D. London’s river of 

plastic: High levels of microplastics in the Thames water column. Sci. Total Environ. 740, 

140018 (2020). 

86. Schernewski, G. et al. Urban Microplastics Emissions: Effectiveness of Retention Measures and 

Consequences for the Baltic Sea. Front. Mar. Sci. 8, (2021). 

87. Schernewski, G. et al. Emission, Transport, and Deposition of visible Plastics in an Estuary and 

the Baltic Sea—a Monitoring and Modeling Approach. Environ. Manage. 68, 860–881 (2021). 

88. Ockelford, A., Cundy, A. & Ebdon, J. E. Storm Response of Fluvial Sedimentary Microplastics. 

Sci. Rep. 10, 1865 (2020). 

89. Roebroek, C. T. J. et al. Plastic in global rivers: are floods making it worse? Environ. Res. Lett. 

16, 025003 (2021). 

90. Chen, H. et al. Microplastic Deposition and its Response to Extreme Flood Events: A Case 

Study of Yangtze Estuary, China. Prepr. ESSOAr (2021) doi:10.1002/essoar.10507731.1. 

91. Wang, C. et al. Critical review of global plastics stock and flow data. J. Ind. Ecol. 25, 1300–

1317 (2021). 



 

  
 

 
 

 
 

 
 

 

Page 39 of 56 
 

92. Everaert, G. et al. Plastic baseline (t0) measurement in the scope Flemish Integral Action Plan 

on Marine Litter : plastic t0 study 2020-2021. (2022) doi:10.48470/26. 

93. McLusky, D. S. Marine and estuarine gradients — An overview. Netherland J. Aquat. Ecol. 27, 

489–493 (1993). 

94. Soulsby, R. L. & Damgaard, J. S. Bedload sediment transport in coastal waters. Coast. Eng. 52, 

673–689 (2005). 

95. Vermeiren, P., Muñoz, C. C. & Ikejima, K. Sources and sinks of plastic debris in estuaries: A 

conceptual model integrating biological, physical and chemical distribution mechanisms. Mar. 

Pollut. Bull. 113, 7–16 (2016). 

96. Cashman, M. A. et al. Comparison of microplastic isolation and extraction procedures from 

marine sediments. Mar. Pollut. Bull. 159, 111507 (2020). 

97. Fok, L., Lam, T. W. L., Li, H.-X. & Xu, X.-R. A meta-analysis of methodologies adopted by 

microplastic studies in China. Sci. Total Environ. 718, 135371 (2020). 

98. Löder, M. G. J. & Gerdts, G. Methodology Used for the Detection and Identification of 

Microplastics—A Critical Appraisal. in Marine Anthropogenic Litter (eds. Bergmann, M., 

Gutow, L. & Klages, M.) 201–227 (Springer International Publishing, 2015). doi:10.1007/978-

3-319-16510-3_8. 

99. Lusher, A. L., Welden, N. A., Sobral, P. & Cole, M. Sampling, isolating and identifying 

microplastics ingested by fish and invertebrates. Anal. Methods 9, 1346–1360 (2017). 

100. Prata, J. C., da Costa, J. P., Duarte, A. C. & Rocha-Santos, T. Methods for sampling and 

detection of microplastics in water and sediment: A critical review. TrAC - Trends Anal. Chem. 

110, 150–159 (2019). 

101. Simon-Sánchez, L., Grelaud, M., Franci, M. & Ziveri, P. Are research methods shaping our 

understanding of microplastic pollution? A literature review on the seawater and sediment 

bodies of the Mediterranean Sea. Environ. Pollut. 292, 118275 (2022). 

102. Rødland, E. S. et al. A novel method for the quantification of tire and polymer-modified 

bitumen particles in environmental samples by pyrolysis gas chromatography mass 

spectroscopy. J. Hazard. Mater. 423, 127092 (2022). 

103. Gniadek, M. & Dąbrowska, A. The marine nano- and microplastics characterisation by SEM-

EDX: The potential of the method in comparison with various physical and chemical 

approaches. Mar. Pollut. Bull. 148, 210–216 (2019). 

104. Mennekes, D. & Nowack, B. Tire wear particle emissions: Measurement data where are you? 

Sci. Total Environ. 830, 154655 (2022). 

105. Cowger, W. et al. Open Specy. www.openspecy.org (2020). 

106. Primpke, S. et al. Toward the Systematic Identification of Microplastics in the Environment: 

Evaluation of a New Independent Software Tool (siMPle) for Spectroscopic Analysis. Appl. 

Spectrosc. 74, 1127–1138 (2020). 

107. Gimiliani, G. T. & Izar, G. Difficulties in Comparison Among Different Microplastic Studies: 

The Inconsistency of Results and Lack of Guide Values. Environ. Toxicol. Chem. 41, 820–821 

(2022). 

108. Knight, L. J., Parker-Jurd, F. N. F., Al-Sid-Cheikh, M. & Thompson, R. C. Tyre wear particles: 

an abundant yet widely unreported microplastic? Environ. Sci. Pollut. Res. 27, 18345–18354 

(2020). 



 

  
 

 
 

 
 

 
 

 

Page 40 of 56 
 

109. Cowger, W. et al. Reporting Guidelines to Increase the Reproducibility and Comparability of 

Research on Microplastics. Appl. Spectrosc. 74, 1066–1077 (2020). 

110. Brander, S. M. et al. Sampling and Quality Assurance and Quality Control: A guide for 

scientists investigating the occurrence of microplastics across matrices. Appl. Spectrosc. 74, 

1099–1125 (2020). 

111. Miller, E. et al. Recommended best practices for collecting, analyzing, and reporting 

microplastics in environmental media: Lessons learned from comprehensive monitoring of San 

Francisco Bay. J. Hazard. Mater. 409, 124770 (2021). 

112. GESAMP. Guidelines for the Monitoring and Assessment of Plastic Litter in the Ocean. 130pp 

http://www.gesamp.org/publications/guidelines-for-the-monitoring-and-assessment-of-plastic-

litter-in-the-ocean (2019). 

113. JRC. Guidance on monitoring of marine litter in European seas. 

https://data.europa.eu/doi/10.2788/99475 (2013). 

114. Brandt, J. et al. High-Throughput Analyses of Microplastic Samples Using Fourier Transform 

Infrared and Raman Spectrometry. Appl. Spectrosc. 74, 1185–1197 (2020). 

115. Mariano, S., Tacconi, S., Fidaleo, M., Rossi, M. & Dini, L. Micro and Nanoplastics 

Identification: Classic Methods and Innovative Detection Techniques. Front. Toxicol. 3, (2021). 

116. Paul, A., Wander, L., Becker, R., Goedecke, C. & Braun, U. High-throughput NIR 

spectroscopic (NIRS) detection of microplastics in soil. Environ. Sci. Pollut. Res. 26, 7364–

7374 (2019). 

117. Chubarenko, I. et al. Chapter 6 - Behavior of Microplastics in Coastal Zones. in Microplastic 

Contamination in Aquatic Environments (ed. Zeng, E. Y.) 175–223 (Elsevier, 2018). 

doi:10.1016/B978-0-12-813747-5.00006-0. 

118. Song, Y. K. et al. Combined Effects of UV Exposure Duration and Mechanical Abrasion on 

Microplastic Fragmentation by Polymer Type. Environ. Sci. Technol. 51, 4368–4376 (2017). 

119. Arp, H. P. H. et al. Weathering Plastics as a Planetary Boundary Threat: Exposure, Fate, and 

Hazards. Environ. Sci. Technol. 55, 7246–7255 (2021). 

120. Miller, K. L., Szabó, T., Jerolmack, D. J. & Domokos, G. Quantifying the significance of 

abrasion and selective transport for downstream fluvial grain size evolution. J. Geophys. Res. 

Earth Surf. 119, 2412–2429 (2014). 

121. Schumm, S. A. & Stevens, M. A. Abrasion in Place: A Mechanism for Rounding and Size 

Reduction of Coarse Sediments in Rivers. Geology 1, 37–40 (1973). 

122. Nakayama, K. et al. The structure and formation of giant Marimo (Aegagropila linnaei) in Lake 

Akan, Japan. Sci. Rep. 11, 22017 (2021). 

123. Gewert, B., Plassmann, M. M. & Macleod, M. Pathways for degradation of plastic polymers 

floating in the marine environment. Environ. Sci. Process. Impacts 17, 1513–1521 (2015). 

124. Cai, L., Wang, J., Peng, J., Wu, Z. & Tan, X. Observation of the degradation of three types of 

plastic pellets exposed to UV irradiation in three different environments. Sci. Total Environ. 

628–629, 740–747 (2018). 

125. Liu, P. et al. New Insights into the Aging Behavior of Microplastics Accelerated by Advanced 

Oxidation Processes. Environ. Sci. Technol. 53, 3579–3588 (2019). 

126. Cole, M., Lindeque, P., Halsband, C. & Galloway, T. S. Microplastics as contaminants in the 

marine environment: A review. Mar. Pollut. Bull. 62, 2588–2597 (2011). 



 

  
 

 
 

 
 

 
 

 

Page 41 of 56 
 

127. Wang, X. et al. A review of microplastics aggregation in aquatic environment: Influence factors, 

analytical methods, and environmental implications. J. Hazard. Mater. 402, 123496 (2021). 

128. Kiki, C. et al. Induced aging, structural change, and adsorption behavior modifications of 

microplastics by microalgae. Environ. Int. 166, 107382 (2022). 

129. Yang, Y., Liu, W., Zhang, Z., Grossart, H.-P. & Gadd, G. M. Microplastics provide new 

microbial niches in aquatic environments. Appl. Microbiol. Biotechnol. 104, 6501–6511 (2020). 

130. Frère, L. et al. Microplastic bacterial communities in the Bay of Brest: Influence of polymer 

type and size. Environ. Pollut. 242, 614–625 (2018). 

131. Miao, L. et al. Distinct microbial metabolic activities of biofilms colonizing microplastics in 

three freshwater ecosystems. J. Hazard. Mater. 403, 123577 (2021). 

132. Seeley, M. E., Song, B., Passie, R. & Hale, R. C. Microplastics affect sedimentary microbial 

communities and nitrogen cycling. Nat. Commun. 11, 1–10 (2020). 

133. Kalčíková, G. & Bundschuh, M. Aquatic Biofilms—Sink or Source of Microplastics? A Critical 

Reflection on Current Knowledge. Environ. Toxicol. Chem. 41, 838–843 (2022). 

134. Danso, D., Chow, J. & Streit, W. R. Plastics: Environmental and Biotechnological Perspectives 

on Microbial Degradation. Appl. Environ. Microbiol. 85, e01095-19 (2019). 

135. Othman, A. R., Hasan, H. A., Muhamad, M. H., Ismail, N. ’Izzati & Abdullah, S. R. S. 

Microbial degradation of microplastics by enzymatic processes: a review. Environ. Chem. Lett. 

19, 3057–3073 (2021). 

136. Mohanan, N., Montazer, Z., Sharma, P. K. & Levin, D. B. Microbial and Enzymatic 

Degradation of Synthetic Plastics. Front. Microbiol. 11, 580709 (2020). 

137. Bahl, S., Dolma, J., Jyot Singh, J. & Sehgal, S. Biodegradation of plastics: A state of the art 

review. Mater. Today Proc. 39, 31–34 (2021). 

138. Lin, Z. et al. Current progress on plastic/microplastic degradation: Fact influences and 

mechanism. Environ. Pollut. 304, 119159 (2022). 

139. Pequeno, J., Antunes, J., Dhimmer, V., Bessa, F. & Sobral, P. Microplastics in Marine and 

Estuarine Species From the Coast of Portugal. Front. Environ. Sci. 9, (2021). 

140. McGoran, A. R., Cowie, P. R., Clark, P. F., McEvoy, J. P. & Morritt, D. Ingestion of plastic by 

fish: A comparison of Thames Estuary and Firth of Clyde populations. Mar. Pollut. Bull. 137, 

12–23 (2018). 

141. Vandermeersch, G. et al. A critical view on microplastic quantification in aquatic organisms. 

Environ. Res. 143, 46–55 (2015). 

142. Jang, M., Shim, W. J., Han, G. M., Song, Y. K. & Hong, S. H. Formation of microplastics by 

polychaetes (Marphysa sanguinea) inhabiting expanded polystyrene marine debris. Mar. Pollut. 

Bull. 131, 365–369 (2018). 

143. Ferreira, G. V. B. et al. High intake rates of microplastics in a Western Atlantic predatory fish, 

and insights of a direct fishery effect. Environ. Pollut. 236, 706–717 (2018). 

144. Li, J., Green, C., Reynolds, A., Shi, H. & Rotchell, J. M. Microplastics in mussels sampled from 

coastal waters and supermarkets in the United Kingdom. Environ. Pollut. 241, 35–44 (2018). 

145. McGoran, A. R., Clark, P. F., Smith, B. D. & Morritt, D. High prevalence of plastic ingestion by 

Eriocheir sinensis and Carcinus maenas (Crustacea: Decapoda: Brachyura) in the Thames 

Estuary. Environ. Pollut. 265, 114972 (2020). 

146. Piarulli, S. et al. Do different habits affect microplastics contents in organisms? A trait-based 

analysis on salt marsh species. Mar. Pollut. Bull. 153, 110983 (2020). 



 

  
 

 
 

 
 

 
 

 

Page 42 of 56 
 

147. Leslie, H. A., van Velzen, M. J. M. & Vethaak, A. D. Microplastic survey of the Dutch 

environment: Novel data set of microplastics in North Sea sediments, treated wastewater 

effluents and marine biota. (2013). 

148. Leslie, H. A., Brandsma, S. H., van Velzen, M. J. M. & Vethaak, A. D. Microplastics en route: 

Field measurements in the Dutch river delta and Amsterdam canals, wastewater treatment 

plants, North Sea sediments and biota. Environ. Int. 101, 133–142 (2017). 

149. Peng, G. et al. Microplastics in sediments of the Changjiang Estuary, China. Environ. Pollut. 

225, 283–290 (2017). 

150. Mathalon, A. & Hill, P. Microplastic fibers in the intertidal ecosystem surrounding Halifax 

Harbor, Nova Scotia. Mar. Pollut. Bull. 81, 69–79 (2014). 

151. Alves, V. E. N. & Figueiredo, G. M. Microplastic in the sediments of a highly eutrophic tropical 

estuary. Mar. Pollut. Bull. 146, 326–335 (2019). 

152. Li, Y., Lu, Z., Zheng, H., Wang, J. & Chen, C. Microplastics in surface water and sediments of 

Chongming Island in the Yangtze Estuary, China. Environ. Sci. Eur. 32, 15 (2020). 

153. Firdaus, M., Trihadiningrum, Y. & Lestari, P. Microplastic pollution in the sediment of Jagir 

Estuary, Surabaya City, Indonesia. Mar. Pollut. Bull. 150, 110790 (2020). 

154. Zhou, Z. et al. Vertical microplastic distribution in sediments of Fuhe River estuary to 

Baiyangdian Wetland in Northern China. Chemosphere 280, 130800 (2021). 

155. Xu, Q., Xing, R., Sun, M., Gao, Y. & An, L. Microplastics in sediments from an interconnected 

river-estuary region. Sci. Total Environ. 729, 139025 (2020). 

156. Díaz-Jaramillo, M., Islas, M. S. & Gonzalez, M. Spatial distribution patterns and identification 

of microplastics on intertidal sediments from urban and semi-natural SW Atlantic estuaries. 

Environ. Pollut. 273, 116398 (2021). 

157. Simon-Sánchez, L., Grelaud, M., Garcia-Orellana, J. & Ziveri, P. River Deltas as hotspots of 

microplastic accumulation: The case study of the Ebro River (NW Mediterranean). Sci. Total 

Environ. 687, 1186–1196 (2019). 

158. Wu, N. et al. Occurrence and distribution of microplastics in the surface water and sediment of 

two typical estuaries in Bohai Bay, China. Environ. Sci. Process. Impacts 21, 1143–1152 

(2019). 

159. Mohamed Nor, N. H. & Obbard, J. P. Microplastics in Singapore’s coastal mangrove 

ecosystems. Mar. Pollut. Bull. 79, 278–283 (2014). 

160. Liebezeit, G. & Dubaish, F. Microplastics in Beaches of the East Frisian Islands Spiekeroog and 

Kachelotplate. Bull. Environ. Contam. Toxicol. 89, 213–217 (2012). 

161. Derksen, D., Kindermann, O., Schweikart, A. & Steinecke, K. Belastung mariner Lebensräume 

durch Mikroplastik: Stand der Wissenschaft sowie erste Ergebnisse einer Vorstudie zur 

Erfassung und Bewertung des Vorkommens von Mikroplastikgranulat im Sediment von Küsten 

der deutschen Nordsee. in BREMER BEITRÄGE ZUR GEOGRAPHIE UND RAUMPLANUNG 

vol. 95 (2012). 

162. Lorenz, C. et al. Spatial distribution of microplastics in sediments and surface waters of the 

southern North Sea. Environ. Pollut. 252, 1719–1729 (2019). 

163. Maes, T. et al. Microplastics baseline surveys at the water surface and in sediments of the 

North-East Atlantic. Front. Mar. Sci. 4, (2017). 

164. Costa, M. F., Silva-Cavalcanti, J. S., Barbosa, C. C., Portugal, J. L. & Barletta, M. Plastics 

buried in the inter-tidal plain of a tropical estuarine ecosystem. J. Coast. Res. 339–343 (2011). 



 

  
 

 
 

 
 

 
 

 

Page 43 of 56 
 

165. Enders, K. et al. Tracing microplastics in aquatic environments based on sediment analogies. 

Sci. Rep. 9, 1–15 (2019). 

166. Liu, Z., Huang, Q., Wang, H. & Zhang, S. An enhanced risk assessment framework for 

microplastics occurring in the Westerscheldt estuary. Sci. Total Environ. 817, 153006 (2022). 

167. Cauwenberghe, L. V., Claessens, M., Vandegehuchte, M. B. & Janssen, C. R. Microplastics are 

taken up by mussels (Mytilus edulis) and lugworms (Arenicola marina) living in natural 

habitats. Environ. Pollut. 199, 10–17 (2015). 

168. Claessens, M., Meester, S. D., Landuyt, L. V., Clerck, K. D. & Janssen, C. R. Occurrence and 

distribution of microplastics in marine sediments along the Belgian coast. Mar. Pollut. Bull. 62, 

2199–2204 (2011). 

169. De Witte, B. et al. Micro and macro plastic litter at Belgian fisheries areas: sources, 

distribution and consequences. (2021). 

170. Green, B. C. & Johnson, C. L. E. Characterisation of microplastic contamination in sediment of 

England’s inshore waters. Mar. Pollut. Bull. 151, 110788 (2020). 

171. Gray, A. D., Wertz, H., Leads, R. R. & Weinstein, J. E. Microplastic in two South Carolina 

Estuaries: Occurrence, distribution, and composition. Mar. Pollut. Bull. 128, 223–233 (2018). 

172. Magnusson, K. et al. Swedish sources and pathways for  microplastics to the marine 

environment. (2016). 

173. Cole, M. et al. Isolation of microplastics in biota-rich seawater samples and marine organisms. 

Sci. Rep. 4, 4528–4528 (2014). 

174. Sadri, S. S. & Thompson, R. C. On the quantity and composition of floating plastic debris 

entering and leaving the Tamar Estuary, Southwest England. Mar. Pollut. Bull. 81, 55–60 

(2014). 

175. Rodrigues, S. M. et al. Microplastic contamination in an urban estuary: Abundance and 

distribution of microplastics and fish larvae in the Douro estuary. Sci. Total Environ. 659, 1071–

1081 (2019). 

176. Velimirovic, M. et al. What can we learn from studying plastic debris in the Sea Scheldt 

estuary? Sci. Total Environ. 851, 158226 (2022). 

177. Mani, T., Hauk, A., Walter, U. & Burkhardt-Holm, P. Microplastics profile along the Rhine 

River. Sci. Rep. 5, 17988–17988 (2015). 

178. Roscher, L. et al. Microplastic pollution in the Weser estuary and the German North Sea. 

Environ. Pollut. 288, 117681 (2021). 

179. Norén, F., Norén, K. & Magnusson, K. Marint mikroskopiskt skräp – undersökning längs 

svenska västkusten 2013 och 2014. https://www.lansstyrelsen.se/vastra-gotaland/om-oss/vara-

tjanster/publikationer/2014/marint-mikroskopiskt-skrap---undersokning-langs-svenska-

vastkusten-2013-och-2014.html (2014). 

180. Magnusson, K. Microlitter and other microscopic anthropogenic particles in the sea area off 

Ranma and Turku, Finland. p 18 (2014). 

181. Ajith, N., Arumugam, S., Parthasarathy, S., Manupoori, S. & Janakiraman, S. Global 

distribution of microplastics and its impact on marine environment—a review. Environ. Sci. 

Pollut. Res. 27, 25970–25986 (2020). 

182. Hale, R. C., Seeley, M. E., Guardia, M. J. L., Mai, L. & Zeng, E. Y. A global perspective on 

microplastics. J. Geophys. Res. Oceans 125, e2018JC014719 (2020). 



 

  
 

 
 

 
 

 
 

 

Page 44 of 56 
 

183. Koutnik, V. S. et al. Distribution of microplastics in soil and freshwater environments: Global 

analysis and framework for transport modeling. Environ. Pollut. 274, 116552 (2021). 

184. Hitchcock, J. N. & Mitrovic, S. M. Microplastic pollution in estuaries across a gradient of 

human impact. Environ. Pollut. 247, 457–466 (2019). 

185. Defontaine, S. et al. Microplastics in a salt-wedge estuary: Vertical structure and tidal dynamics. 

Mar. Pollut. Bull. 160, 111688 (2020). 

186. Dris, R., Tramoy, R., Alligant, S., Gasperi, J. & Tassin, B. Plastic Debris Flowing from Rivers 

to Oceans: The Role of the Estuaries as a Complex and Poorly Understood Key Interface. in 

Handbook of Microplastics in the Environment (eds. Rocha-Santos, T., Costa, M. & Mouneyrac, 

C.) 1–28 (Springer International Publishing, 2020). doi:10.1007/978-3-030-10618-8_3-1. 

187. Burchard, H., Schuttelaars, H. M. & Ralston, D. K. Sediment Trapping in Estuaries. Annu. Rev. 

Mar. Sci. 10, 371–395 (2018). 

188. Zhao, S. et al. Analysis of suspended microplastics in the Changjiang Estuary: Implications for 

riverine plastic load to the ocean. Water Res. 161, 560–569 (2019). 

189. Dai, Z. et al. Occurrence of microplastics in the water column and sediment in an inland sea 

affected by intensive anthropogenic activities. Environ. Pollut. 242, 1557–1565 (2018). 

190. Miao, L. et al. Effects of biofilm colonization on the sinking of microplastics in three freshwater 

environments. J. Hazard. Mater. 413, 125370 (2021). 

191. Wu, F., Pennings, S. C., Tong, C. & Xu, Y. Variation in microplastics composition at small 

spatial and temporal scales in a tidal flat of the Yangtze Estuary, China. Sci. Total Environ. 699, 

134252–134252 (2020). 

192. Fischer, R. et al. Modelling submerged biofouled microplastics and their vertical trajectories. 

Biogeosciences 19, 2211–2234 (2022). 

193. Jalón-rojas, I., Hua, X. & Fredj, E. A 3D numerical model to Track Marine Plastic Debris ( 

TrackMPD ): Sensitivity of microplastic trajectories and fates to particle dynamical properties 

and physical processes. Mar. Pollut. Bull. 141, 256–272 (2019). 

194. Malli, A., Corella-Puertas, E., Hajjar, C. & Boulay, A.-M. Transport mechanisms and fate of 

microplastics in estuarine compartments: A review. Mar. Pollut. Bull. 177, 113553 (2022). 

195. Pinheiro, L. M. et al. Salt marshes as the final watershed fate for meso- and microplastic 

contamination: A case study from Southern Brazil. Sci. Total Environ. 838, 156077 (2022). 

196. French, P. W. Managed realignment – The developing story of a comparatively new approach to 

soft engineering. Estuar. Coast. Shelf Sci. 67, 409–423 (2006). 

197. Cave, R. R., Andrews, J. E., Jickells, T. & Coombes, E. G. A review of sediment contamination 

by trace metals in the Humber catchment and estuary, and the implications for future estuary 

water quality. Estuar. Coast. Shelf Sci. 62, 547–557 (2005). 

198. Rodrigues, M. O. et al. Spatial and temporal distribution of microplastics in water and sediments 

of a freshwater system (Antuã River, Portugal). Sci. Total Environ. 633, 1549–1559 (2018). 

199. Long, M. et al. Interactions between microplastics and phytoplankton aggregates: Impact on 

their respective fates. Mar. Chem. 175, 39–46 (2015). 

200. Rummel, C. D., Jahnke, A., Gorokhova, E., Kühnel, D. & Schmitt-Jansen, M. Impacts of 

biofilm formation on the fate and potential effects of microplastic in the aquatic environment. 

Environ. Sci. Technol. Lett. 4, 258–267 (2017). 



 

  
 

 
 

 
 

 
 

 

Page 45 of 56 
 

201. Int-Veen, I., Nogueira, P., Isigkeit, J., Hanel, R. & Kammann, U. Positively buoyant but 

sinking: Polymer identification and composition of marine litter at the seafloor of the North Sea 

and Baltic Sea. Mar. Pollut. Bull. 172, 112876 (2021). 

202. Chubarenko, I., Bagaev, A., Zobkov, M. & Esiukova, E. On some physical and dynamical 

properties of microplastic particles in marine environment. Mar. Pollut. Bull. 108, 105–112 

(2016). 

203. Mendrik, F., Fernández, R., Hackney, C. R., Waller, C. & Parsons, D. R. Non-buoyant 

microplastic settling velocity varies with biofilm growth and ambient water salinity. Commun. 

Earth Environ. 4, 1–9 (2023). 

204. Nguyen, T. H., Tang, F. H. M. & Maggi, F. Sinking of microbial-associated microplastics in 

natural waters. Plos One 15, e0228209–e0228209 (2020). 

205. Amaral-Zettler, L. A., Zettler, E. R., Mincer, T. J., Klaassen, M. A. & Gallager, S. M. 

Biofouling impacts on polyethylene density and sinking in coastal waters: A macro/micro 

tipping point? Water Res. 201, 117289 (2021). 

206. Cunha, C., Faria, M., Nogueira, N., Ferreira, A. & Cordeiro, N. Marine vs freshwater 

microalgae exopolymers as biosolutions to microplastics pollution. Environ. Pollut. 249, 372–

380 (2019). 

207. Qian, J. et al. From source to sink: Review and prospects of microplastics in wetland 

ecosystems. Sci. Total Environ. 758, 143633 (2021). 

208. Kaiser, D., Kowalski, N. & Waniek, J. J. Effects of biofouling on the sinking behavior of 

microplastics. Environ. Res. Lett. 12, 124003 (2017). 

209. Richard, H., Carpenter, E. J., Komada, T., Palmer, P. T. & Rochman, C. M. Biofilm facilitates 

metal accumulation onto microplastics in estuarine waters. Sci. Total Environ. 683, 600–608 

(2019). 

210. Wu, N. et al. Colonization characteristics of bacterial communities on microplastics compared 

with ambient environments (water and sediment) in Haihe Estuary. Sci. Total Environ. 708, 

134876 (2020). 

211. Cole, M. The impacts of microplastics on zooplankton. (2014). 

212. Desforges, J.-P. W., Galbraith, M. & Ross, P. S. Ingestion of Microplastics by Zooplankton in 

the Northeast Pacific Ocean. Arch. Environ. Contam. Toxicol. 69, 320–330 (2015). 

213. Cole, M. et al. Microplastics Alter the Properties and Sinking Rates of Zooplankton Faecal 

Pellets. Environ. Sci. Technol. 50, 3239–3246 (2016). 

214. Dantas, D. V., Barletta, M. & da Costa, M. F. The seasonal and spatial patterns of ingestion of 

polyfilament nylon fragments by estuarine drums (Sciaenidae). Environ. Sci. Pollut. Res. 19, 

600–606 (2012). 

215. Kvale, K. F., Friederike Prowe, A. E. & Oschlies, A. A Critical Examination of the Role of 

Marine Snow and Zooplankton Fecal Pellets in Removing Ocean Surface Microplastic. Front. 

Mar. Sci. 6, (2020). 

216. Wieczorek, A. M., Croot, P. L., Lombard, F., Sheahan, J. N. & Doyle, T. K. Microplastic 

Ingestion by Gelatinous Zooplankton May Lower Efficiency of the Biological Pump. Environ. 

Sci. Technol. 53, 5387–5395 (2019). 

217. Cole, M. et al. Microplastic Ingestion by Zooplankton. Environ. Sci. Technol. 47, 6646–6655 

(2013). 



 

  
 

 
 

 
 

 
 

 

Page 46 of 56 
 

218. Biltcliff-Ward, A., Stead, J. L. & Hudson, M. D. The estuarine plastics budget: A conceptual 

model and meta-analysis of microplastic abundance in estuarine systems. Estuar. Coast. Shelf 

Sci. 275, 107963 (2022). 

219. Radhakrishnan, K. et al. Characterization and distribution of microplastics in estuarine surface 

sediments, Kayamkulam estuary, southwest coast of India. Mar. Pollut. Bull. 168, 112389 

(2021). 

220. Haave, M., Lorenz, C., Primpke, S. & Gerdts, G. Different stories told by small and large 

microplastics in sediment - first report of microplastic concentrations in an urban recipient in 

Norway. Mar. Pollut. Bull. 141, 501–513 (2019). 

221. Pazos, R. S., Amalvy, J., Cochero, J., Pecile, A. & Gómez, N. Temporal patterns in the 

abundance, type and composition of microplastics on the coast of the Río de la Plata estuary. 

Mar. Pollut. Bull. 168, 112382 (2021). 

222. Ling, S. D., Sinclair, M., Levi, C. J., Reeves, S. E. & Edgar, G. J. Ubiquity of microplastics in 

coastal seafloor sediments. Mar. Pollut. Bull. 121, 104–110 (2017). 

223. Browne, M. A., Galloway, T. S. & Thompson, R. C. Spatial patterns of plastic debris along 

estuarine shorelines. Environ. Sci. Technol. 44, 3404–3409 (2010). 

224. Vianello, A. et al. Microplastic particles in sediments of Lagoon of Venice, Italy: First 

observations on occurrence, spatial patterns and identification. Estuar. Coast. Shelf Sci. 130, 54–

61 (2013). 

225. Balthazar-Silva, D. et al. Rainfall and Tidal Cycle Regulate Seasonal Inputs of Microplastic 

Pellets to Sandy Beaches. Front. Environ. Sci. 8, (2020). 

226. Feng, Q., Chen, Z., Greer, C. W., An, C. & Wang, Z. Transport of Microplastics in Shore 

Substrates over Tidal Cycles: Roles of Polymer Characteristics and Environmental Factors. 

Environ. Sci. Technol. (2022) doi:10.1021/acs.est.2c01599. 

227. Yan, M., Wang, L., Dai, Y., Sun, H. & Liu, C. Behavior of Microplastics in Inland Waters: 

Aggregation, Settlement, and Transport. Bull. Environ. Contam. Toxicol. 107, 700–709 (2021). 

228. Stead, J. L. et al. Identification of tidal trapping of microplastics in a temperate salt marsh 

system using sea surface microlayer sampling. Sci. Rep. 10, 14147 (2020). 

229. Yao, W. et al. Micro- and macroplastic accumulation in a newly formed Spartina alterniflora 

colonized estuarine saltmarsh in southeast China. Mar. Pollut. Bull. 149, 110636 (2019). 

230. Townsend, K. R., Lu, H. C., Sharley, D. J. & Pettigrove, V. Associations between microplastic 

pollution and land use in urban wetland sediments. Environ. Sci. Pollut. Res. 26, 22551–22561 

(2019). 

231. Wang, T. et al. Preliminary study of the source apportionment and diversity of microplastics: 

Taking floating microplastics in the South China Sea as an example. Environ. Pollut. 245, 965–

974 (2019). 

232. Gomiero, A. et al. First record of characterization, concentration and distribution of 

microplastics in coastal sediments of an urban fjord in south west Norway using a thermal 

degradation method. Chemosphere 227, 705–714 (2019). 

233. Bridson, J. H., Patel, M., Lewis, A., Gaw, S. & Parker, K. Microplastic contamination in 

Auckland (New Zealand) beach sediments. Mar. Pollut. Bull. 151, (2020). 

234. Tian, L., Jinjin, C., Ji, R., Ma, Y. & Yu, X. Microplastics in agricultural soils: sources, effects, 

and their fate. Curr. Opin. Environ. Sci. Health 25, 100311 (2022). 



 

  
 

 
 

 
 

 
 

 

Page 47 of 56 
 

235. Forero-López, A. D. et al. Plastisphere on microplastics: In situ assays in an estuarine 

environment. J. Hazard. Mater. 440, 129737 (2022). 

236. Krelling, A. P. & Turra, A. Influence of oceanographic and meteorological events on the 

quantity and quality of marine debris along an estuarine gradient. Mar. Pollut. Bull. 139, 282–

298 (2019). 

237. Hitchcock, J. N. Storm events as key moments of microplastic contamination in aquatic 

ecosystems. Sci. Total Environ. 734, 139436 (2020). 

238. Xia, W., Rao, Q., Deng, X., Chen, J. & Xie, P. Rainfall is a significant environmental factor of 

microplastic pollution in inland waters. Sci. Total Environ. 732, 139065 (2020). 

239. Gorman, D. et al. Predicting the Dispersal and Accumulation of Microplastic Pellets Within the 

Estuarine and Coastal Waters of South-Eastern Brazil Using Integrated Rainfall Data and 

Lagrangian Particle Tracking Models. Front. Environ. Sci. 8, (2020). 

240. Uddin, S., Fowler, S. W., Uddin, Mohd. F., Behbehani, M. & Naji, A. A review of microplastic 

distribution in sediment profiles. Mar. Pollut. Bull. 163, 111973 (2021). 

241. Harris, P. T. et al. Exposure of coastal environments to river-sourced plastic pollution. Sci. Total 

Environ. 769, 145222 (2021). 

242. Xu, S., Ma, J., Ji, R., Pan, K. & Miao, A.-J. Microplastics in aquatic environments: Occurrence, 

accumulation, and biological effects. Sci. Total Environ. 703, 134699 (2020). 

243. Christie, M. C., Dyer, K. R. & Turner, P. Sediment Flux and Bed Level Measurements from a 

Macro Tidal Mudflat. Estuar. Coast. Shelf Sci. 49, 667–688 (1999). 

244. Shi, B. W. et al. Role of wind in erosion-accretion cycles on an estuarine mudflat. J. Geophys. 

Res. Oceans 122, 193–206 (2017). 

245. Waldschläger, K. & Schüttrumpf, H. Infiltration Behavior of Microplastic Particles with 

Different Densities, Sizes, and Shapes—From Glass Spheres to Natural Sediments. Environ. Sci. 

Technol. 54, 9366–9373 (2020). 

246. Constant, M. et al. To What Extent Can Micro- and Macroplastics Be Trapped in Sedimentary 

Particles? A Case Study Investigating Dredged Sediments. Environ. Sci. Technol. 55, 5898–

5905 (2021). 

247. Ji, X. et al. Transport and fate of microplastics from riverine sediment dredge piles: Implications 

for disposal. J. Hazard. Mater. 404, 124132 (2021). 

248. Moreira, L. B. et al. Dredging impacts on the toxicity and development of sediment quality 

values in a semi-arid region (Ceará state, NE Brazil). Environ. Res. 193, 110525 (2021). 

249. Vagge, G. et al. The effects of dredging and environmental conditions on concentrations of 

polycyclic aromatic hydrocarbons in the water column. Mar. Pollut. Bull. 135, 704–713 (2018). 

250. Guasch, H. et al. Interactions between microplastics and benthic biofilms in fluvial ecosystems: 

Knowledge gaps and future trends. Freshw. Sci. 41, 442–458 (2022). 

251. Kooi, M., Van Nes, E. H., Scheffer, M. & Koelmans, A. A. Ups and Downs in the Ocean: 

Effects of Biofouling on Vertical Transport of Microplastics. Environ. Sci. Technol. 51, 7963–

7971 (2017). 

252. Zhang, B. et al. Spatial and seasonal variations in biofilm formation on microplastics in coastal 

waters. Sci. Total Environ. 770, 145303 (2021). 

253. Hope, J. A., Coco, G., Parsons, D. R. & Thrush, S. F. Microplastics interact with benthic 

biostabilization processes. Environ. Res. Lett. 16, 124058 (2021). 



 

  
 

 
 

 
 

 
 

 

Page 48 of 56 
 

254. Bonnineau, C. et al. Role of Biofilms in Contaminant Bioaccumulation and Trophic Transfer in 

Aquatic Ecosystems: Current State of Knowledge and Future Challenges. in Reviews of 

Environmental Contamination and Toxicology Volume 253 (ed. de Voogt, P.) 115–153 

(Springer International Publishing, 2021). doi:10.1007/398_2019_39. 

255. Mandal, A., Dutta, A., Das, R. & Mukherjee, J. Role of intertidal microbial communities in 

carbon dioxide sequestration and pollutant removal: A review. Mar. Pollut. Bull. 170, 112626 

(2021). 

256. Huang, S. et al. Spatiotemporal distribution of microplastics in surface water, biofilms, and 

sediments in the world’s largest drinking water diversion project. Sci. Total Environ. 789, 

148001 (2021). 

257. Coppock, R. L. et al. Benthic fauna contribute to microplastic sequestration in coastal 

sediments. J. Hazard. Mater. 415, 125583 (2021). 

258. Hope, J. A., Coco, G. & Thrush, S. F. Effects of polyester microfibers on microphytobenthos 

and sediment-dwelling infauna. Environ. Sci. Technol. 54, 7970–7982 (2020). 

259. Urban-Malinga, B., Jakubowska, M. & Białowąs, M. Response of sediment-dwelling bivalves to 

microplastics and its potential implications for benthic processes. Sci. Total Environ. 769, 

144302 (2021). 

260. van de Koppel, J., Herman, P. M. J., Thoolen, P. & Heip, C. H. R. Do Alternate Stable States 

Occur in Natural Ecosystems? Evidence from a Tidal Flat. Ecology 82, 3449–3461 (2001). 

261. Lubarsky, H. V. et al. Impairment of the bacterial biofilm stability by triclosan. Biofilm Control 

Antimicrob. Agents 7, 127–168 (2014). 

262. Lloret, J. et al. Salt marsh sediments act as sinks for microplastics and reveal effects of current 

and historical land use changes. Environ. Adv. 4, 100060 (2021). 

263. Huang, Y. et al. Seagrass beds acting as a trap of microplastics - Emerging hotspot in the coastal 

region? Environ. Pollut. 257, 113450–113450 (2020). 

264. Khan, M. B. & Prezant, R. S. Microplastic abundances in a mussel bed and ingestion by the 

ribbed marsh mussel Geukensia demissa. Mar. Pollut. Bull. 130, 67–75 (2018). 

265. de Smit, J. C. et al. Habitat-forming species trap microplastics into coastal sediment sinks. Sci. 

Total Environ. 772, 145520 (2021). 

266. Lim, H. S., Fraser, A. & Knights, A. M. Spatial arrangement of biogenic reefs alters boundary 

layer characteristics to increase risk of microplastic bioaccumulation. Environ. Res. Lett. 15, 

064024 (2020). 

267. Gao, F., Li, J., Hu, J., Li, X. & Sun, C. Occurrence of microplastics carried on Ulva prolifera 

from the Yellow Sea, China. Case Stud. Chem. Environ. Eng. 2, 100054 (2020). 

268. Goss, H., Jaskiel, J. & Rotjan, R. Thalassia testudinum as a potential vector for incorporating 

microplastics into benthic marine food webs. Mar. Pollut. Bull. 135, 1085–1089 (2018). 

269. Ogbuagu, C. C., Kassem, H., Udiba, U. U., Stead, J. L. & Cundy, A. B. Role of saltmarsh 

systems in estuarine trapping of microplastics. Sci. Rep. 12, 15546 (2022). 

270. Jones, K. L., Hartl, M. G. J., Bell, M. C. & Capper, A. Microplastic accumulation in a Zostera 

marina L. bed at Deerness Sound, Orkney, Scotland. Mar. Pollut. Bull. 152, 110883 (2020). 

271. Khatmullina, L. & Isachenko, I. Settling velocity of microplastic particles of regular shapes. 

Mar. Pollut. Bull. 114, 871–880 (2017). 



 

  
 

 
 

 
 

 
 

 

Page 49 of 56 
 

272. Waldschläger, K. & Schüttrumpf, H. Effects of Particle Properties on the Settling and Rise 

Velocities of Microplastics in Freshwater under Laboratory Conditions. Environ. Sci. Technol. 

53, 1958–1966 (2019). 

273. Cozzolino, L., Nicastro, K. R., Seuront, L., McQuaid, C. D. & Zardi, G. I. The relative effects of 

interspecific and intraspecific diversity on microplastic trapping in coastal biogenic habitats. Sci. 

Total Environ. 848, 157771 (2022). 

274. Cozzolino, L., Nicastro, K. R., Zardi, G. I. & de los Santos, C. B. Species-specific plastic 

accumulation in the sediment and canopy of coastal vegetated habitats. Sci. Total Environ. 723, 

138018 (2020). 

275. Helcoski, R., Yonkos, L. T., Sanchez, A. & Baldwin, A. H. Wetland soil microplastics are 

negatively related to vegetation cover and stem density. Environ. Pollut. 256, 113391 (2020). 

276. Weinstein, J. E., Crocker, B. K. & Gray, A. D. From macroplastic to microplastic: Degradation 

of high-density polyethylene, polypropylene, and polystyrene in a salt marsh habitat. Environ. 

Toxicol. Chem. 35, 1632–1640 (2016). 

277. Setälä, O., Norkko, J. & Lehtiniemi, M. Feeding type affects microplastic ingestion in a coastal 

invertebrate community. Mar. Pollut. Bull. 102, 95–101 (2016). 

278. Bour, A., Avio, C. G., Gorbi, S., Regoli, F. & Hylland, K. Presence of microplastics in benthic 

and epibenthic organisms: Influence of habitat, feeding mode and trophic level. Environ. Pollut. 

243, 1217–1225 (2018). 

279. Wright, S. L., Rowe, D. & Thompson, R. C. Microplastic ingestion decreases energy reserves in 

marine worms. Curr. Biol. 23, R1031–R1033 (2013). 

280. Scherer, C., Brennholt, N., Reifferscheid, G. & Wagner, M. Feeding type and development 

drive the ingestion of microplastics by freshwater invertebrates. Sci. Rep. 1–9 (2017) 

doi:10.1038/s41598-017-17191-7. 

281. Scott, N. et al. Particle characteristics of microplastics contaminating the mussel Mytilus edulis 

and their surrounding environments. Mar. Pollut. Bull. 146, 125–133 (2019). 

282. Bulleri, F., Ravaglioli, C., Anselmi, S. & Renzi, M. The sea cucumber Holothuria tubulosa does 

not reduce the size of microplastics but enhances their resuspension in the water column. Sci. 

Total Environ. 781, 146650 (2021). 

283. Ye, S. & Andrady, A. L. Fouling of floating plastic debris under Biscayne Bay exposure 

conditions. Mar. Pollut. Bull. 22, 608–613 (1991). 

284. Näkki, P., Setälä, O. & Lehtiniemi, M. Bioturbation transports secondary microplastics to 

deeper layers in soft marine sediments of the northern Baltic Sea. Mar. Pollut. Bull. 119, 255–

261 (2017). 

285. Gebhardt, C. & Forster, S. Size-selective feeding of Arenicola marina promotes long-term burial 

of microplastic particles in marine sediments. Environ. Pollut. 242, 1777–1786 (2018). 

286. Piazzolla, D. et al. Preliminary Investigation of Microlitter Pollution in Low-Energy 

Hydrodynamic Basins Using Sabella spallanzanii (Polychaeta: Sabellidae) Tubes. Bull. Environ. 

Contam. Toxicol. 104, 345–350 (2020). 

287. Knutsen, H. et al. Microplastic accumulation by tube-dwelling, suspension feeding polychaetes 

from the sediment surface: A case study from the Norwegian Continental Shelf. Mar. Environ. 

Res. 161, 105073 (2020). 



 

  
 

 
 

 
 

 
 

 

Page 50 of 56 
 

288. du Pontavice, H., Gascuel, D., Reygondeau, G., Maureaud, A. & Cheung, W. W. L. Climate 

change undermines the global functioning of marine food webs. Glob. Change Biol. 26, 1306–

1318 (2020). 

289. Truchet, D. M., Buzzi, N. S., Moulatlet, G. M. & Capparelli, M. V. Macroecotoxicological 

approaches to emerging patterns of microplastic bioaccumulation in crabs from estuarine and 

marine environments. Sci. Total Environ. 870, 161912 (2023). 

290. Schuchardt, B. & Scholle, J. Estuaries - Wadden Sea Quality Status Report. 

http://doi.bafg.de/BfG/2015/BfG-1855.pdf (2015). 

291. Turner, A. Paint particles in the marine environment: An overlooked component of 

microplastics. Water Res. X 12, 100110 (2021). 

292. Imhof, H. K. et al. Pigments and plastic in limnetic ecosystems: A qualitative and quantitative 

study on microparticles of different size classes. Water Res. 98, 64–74 (2016). 

293. Dibke, C., Fischer, M. & Scholz-Böttcher, B. M. Microplastic Mass Concentrations and 

Distribution in German Bight Waters by Pyrolysis–Gas Chromatography–Mass 

Spectrometry/Thermochemolysis Reveal Potential Impact of Marine Coatings: Do Ships Leave 

Skid Marks? Environ. Sci. Technol. 55, 2285–2295 (2021). 

294. Mintenig, S. M. et al. A systems approach to understand microplastic occurrence and variability 

in Dutch riverine surface waters. Water Res. 176, 115723 (2020). 

295. Barbier, E. B. Marine ecosystem services. Curr. Biol. 27, R507–R510 (2017). 

296. Passarelli, C., Hubas, C. & Paterson, D. M. Mudflat Ecosystem Engineers and Services. in 

Mudflat ecology. Aquatic Ecology Series, Vol. 7. (ed. Beninger, P. G.) 243–269 (Springer, 

Cham, 2018). 

297. Hicks, N. et al. Impact of biodiversity-climate futures on primary production and metabolism in 

a model benthic estuarine system. BMC Ecol. 11, (2011). 

298. Hicks, N. et al. Temperature driven changes in benthic bacterial diversity influences 

biogeochemical cycling in coastal sediments. Front. Microbiol. 9, (2018). 

299. Leal Filho, W. et al. Influences of Climate Change and Variability on Estuarine Ecosystems: An 

Impact Study in Selected European, South American and Asian Countries. Int. J. Environ. Res. 

Public. Health 19, 585 (2022). 

300. Kahane-Rapport, S. R. et al. Field measurements reveal exposure risk to microplastic ingestion 

by filter-feeding megafauna. Nat. Commun. 13, 6327 (2022). 

301. Castro, G. B., Bernegossi, A. C., Pinheiro, F. R. & Corbi, J. J. The silent harm of polyethylene 

microplastics: Invertebrates growth inhibition as a warning of the microplastic pollution in 

continental waters. Limnologica 93, 125964 (2022). 

302. Capolupo, M., Sørensen, L., Jayasena, K. D. R., Booth, A. M. & Fabbri, E. Chemical 

composition and ecotoxicity of plastic and car tire rubber leachates to aquatic organisms. Water 

Res. 169, 115270 (2020). 

303. Cole, M. et al. Effects of Nylon Microplastic on Feeding, Lipid Accumulation, and Moulting in 

a Coldwater Copepod. Environ. Sci. Technol. 53, 7075–7082 (2019). 

304. Green, D. S., Colgan, T. J., Thompson, R. C. & Carolan, J. C. Exposure to microplastics reduces 

attachment strength and alters the haemolymph proteome of blue mussels (Mytilus edulis). 

Environ. Pollut. 246, 423–434 (2019). 



 

  
 

 
 

 
 

 
 

 

Page 51 of 56 
 

305. van der Meer, T. V., de Baat, M. L., Verdonschot, P. F. M. & Kraak, M. H. S. Benthic 

Invertebrate Bioturbation Activity Determines Species Specific Sensitivity to Sediment 

Contamination. Front. Environ. Sci. 5, (2017). 

306. Silva, M. S. S. et al. Behavior and biochemical responses of the polychaeta Hediste diversicolor 

to polystyrene nanoplastics. Sci. Total Environ. 707, 134434 (2020). 

307. De Marchi, L. et al. Polyethylene microplastics reduce filtration and respiration rates in the 

Mediterranean sponge Petrosia ficiformis. Environ. Res. 211, 113094 (2022). 

308. Pedersen, A. F. et al. Microplastic ingestion by quagga mussels, Dreissena bugensis, and its 

effects on physiological processes. Environ. Pollut. 260, 113964 (2020). 

309. Green, D. S., Boots, B., Sigwart, J., Jiang, S. & Rocha, C. Effects of conventional and 

biodegradable microplastics on a marine ecosystem engineer (Arenicola marina) and sediment 

nutrient cycling. Environ. Pollut. 208, 426–434 (2016). 

310. Volkenborn, N., Hedtkamp, S. I. C., van Beusekom, J. E. E. & Reise, K. Effects of bioturbation 

and bioirrigation by lugworms (Arenicola marina) on physical and chemical sediment properties 

and implications for intertidal habitat succession. Estuar. Coast. Shelf Sci. 74, 331–343 (2007). 

311. Burton, G. A. Stressor Exposures Determine Risk: So, Why Do Fellow Scientists Continue to 

Focus on Superficial Microplastics Risk? Environ. Sci. Technol. 51, 13515–13516 (2017). 

312. Hale, R. C. Are the Risks from Microplastics Truly Trivial? Environ. Sci. Technol. 52, 931–931 

(2018). 

313. Botterell, Z. L. R. et al. Bioavailability and effects of microplastics on marine zooplankton: A 

review. Environ. Pollut. 245, 98–110 (2019). 

314. Clark, N. J., Khan, F. R., Mitrano, D. M., Boyle, D. & Thompson, R. C. Demonstrating the 

translocation of nanoplastics across the fish intestine using palladium-doped polystyrene in a 

salmon gut-sac. Environ. Int. 159, 106994 (2022). 

315. Koelmans, A. A. et al. Risk assessment of microplastic particles. Nat. Rev. Mater. 7, 138–152 

(2022). 

316. Nguyen, T.-B. et al. Adsorption of lead(II) onto PE microplastics as a function of particle size: 

Influencing factors and adsorption mechanism. Chemosphere 304, 135276 (2022). 

317. Lee, H., Shim, W. J. & Kwon, J.-H. Sorption capacity of plastic debris for hydrophobic organic 

chemicals. Sci. Total Environ. 470–471, 1545–1552 (2014). 

318. Provencher, J. F. et al. Recommended best practices for plastic and litter ingestion studies in 

marine birds: Collection, processing, and reporting. FACETS 4, 111–130 (2019). 

319. Bridson, J. H., Gaugler, E. C., Smith, D. A., Northcott, G. L. & Gaw, S. Leaching and extraction 

of additives from plastic pollution to inform environmental risk: A multidisciplinary review of 

analytical approaches. J. Hazard. Mater. 414, 125571 (2021). 

320. Verla, A. W., Enyoh, C. E., Verla, E. N. & Nwarnorh, K. O. Microplastic–toxic chemical 

interaction: a review study on quantified levels, mechanism and implication. SN Appl. Sci. 1, 

1400 (2019). 

321. Hahladakis, J. N., Velis, C. A., Weber, R., Iacovidou, E. & Purnell, P. An overview of chemical 

additives present in plastics: Migration, release, fate and environmental impact during their use, 

disposal and recycling. J. Hazard. Mater. 344, 179–199 (2018). 

322. Lithner, D., Larsson, Å. & Dave, G. Environmental and health hazard ranking and assessment of 

plastic polymers based on chemical composition. Sci. Total Environ. 409, 3309–3324 (2011). 



 

  
 

 
 

 
 

 
 

 

Page 52 of 56 
 

323. Tourinho, P. S., Kočí, V., Loureiro, S. & van Gestel, C. A. M. Partitioning of chemical 

contaminants to microplastics: Sorption mechanisms, environmental distribution and effects on 

toxicity and bioaccumulation. Environ. Pollut. 252, 1246–1256 (2019). 

324. Bakir, A., Rowland, S. J. & Thompson, R. C. Enhanced desorption of persistent organic 

pollutants from microplastics under simulated physiological conditions. Environ. Pollut. 185, 

16–23 (2014). 

325. Rios, L. M., Moore, C. & Jones, P. R. Persistent organic pollutants carried by synthetic 

polymers in the ocean environment. Mar. Pollut. Bull. 54, 1230–1237 (2007). 

326. Barletta, M., Lima, A. R. A. & Costa, M. F. Distribution, sources and consequences of nutrients, 

persistent organic pollutants, metals and microplastics in South American estuaries. Sci. Total 

Environ. 651, 1199–1218 (2019). 

327. Zaki, M. R. M., Zaid, S. H. M., Zainuddin, A. H. & Aris, A. Z. Microplastic pollution in tropical 

estuary gastropods: Abundance, distribution and potential sources of Klang River estuary, 

Malaysia. Mar. Pollut. Bull. 162, 111866 (2021). 

328. Santana-Viera, S., Montesdeoca-Esponda, S., Guedes-Alonso, R., Sosa-Ferrera, Z. & Santana-

Rodríguez, J. J. Organic pollutants adsorbed on microplastics: Analytical methodologies and 

occurrence in oceans. Trends Environ. Anal. Chem. 29, e00114 (2021). 

329. Wang, T. et al. Interactions between microplastics and organic pollutants: Effects on toxicity, 

bioaccumulation, degradation, and transport. Sci. Total Environ. 748, 142427 (2020). 

330. Koelmans, A. A., Bakir, A., Burton, G. A. & Janssen, C. R. Microplastic as a Vector for 

Chemicals in the Aquatic Environment: Critical Review and Model-Supported Reinterpretation 

of Empirical Studies. Environ. Sci. Technol. 50, 3315–3326 (2016). 

331. Yeo, B. G. et al. Polycyclic Aromatic Hydrocarbons (PAHs) and Hopanes in Plastic Resin 

Pellets as Markers of Oil Pollution via International Pellet Watch Monitoring. Arch. Environ. 

Contam. Toxicol. 73, 196–206 (2017). 

332. Fromme, H. et al. Occurrence of phthalates and bisphenol A and F in the environment. Water 

Res. 36, 1429–1438 (2002). 

333. Xie, Z., Ebinghaus, R., Temme, C., Caba, A. & Ruck, W. Atmospheric concentrations and air–

sea exchanges of phthalates in the North Sea (German Bight). Atmos. Environ. 39, 3209–3219 

(2005). 

334. Pan, K. et al. Adsorption of di (2-ethylhexyl) phthalate (DEHP) to microplastics in seawater: a 

comparison between pristine and aged particles. Bull. Environ. Contam. Toxicol. 109, 776–782 

(2022). 

335. Gomiero, A., Strafella, P., Pellini, G., Salvalaggio, V. & Fabi, G. Comparative Effects of 

Ingested PVC Micro Particles With and Without Adsorbed Benzo(a)pyrene vs. Spiked 

Sediments on the Cellular and Sub Cellular Processes of the Benthic Organism Hediste 

diversicolor. Front. Mar. Sci. 5, (2018). 

336. Brennecke, D., Duarte, B., Paiva, F., Caçador, I. & Canning-Clode, J. Microplastics as vector 

for heavy metal contamination from the marine environment. Estuar. Coast. Shelf Sci. 178, 189–

195 (2016). 

337. Holmes, L. A., Turner, A. & Thompson, R. C. Interactions between trace metals and plastic 

production pellets under estuarine conditions. Mar. Chem. 167, 25–32 (2014). 

338. Teuten, E. L. et al. Transport and release of chemicals from plastics to the environment and to 

wildlife. Philos. Trans. R. Soc. B Biol. Sci. 364, 2027–2045 (2009). 



 

  
 

 
 

 
 

 
 

 

Page 53 of 56 
 

339. Lohmann, R. Microplastics are not important for the cycling and bioaccumulation of organic 

pollutants in the oceans—but should microplastics be considered POPs themselves? Integr. 

Environ. Assess. Manag. 13, 460–465 (2017). 

340. Wang, W. & Wang, J. Different partition of polycyclic aromatic hydrocarbon on environmental 

particulates in freshwater: Microplastics in comparison to natural sediment. Ecotoxicol. Environ. 

Saf. 147, 648–655 (2018). 

341. Beckingham, B. & Ghosh, U. Differential bioavailability of polychlorinated biphenyls 

associated with environmental particles: Microplastic in comparison to wood, coal and biochar. 

Environ. Pollut. 220, 150–158 (2017). 

342. Gu, H. et al. Microplastics aggravate the adverse effects of BDE-47 on physiological and 

defense performance in mussels. J. Hazard. Mater. 398, 122909 (2020). 

343. Koelmans, A. A., Besseling, E. & Foekema, E. M. Leaching of plastic additives to marine 

organisms. Environ. Pollut. 187, 49–54 (2014). 

344. Banaee, M. et al. Evaluation of single and combined effects of cadmium and micro-plastic 

particles on biochemical and immunological parameters of common carp (Cyprinus carpio). 

Chemosphere 236, 124335 (2019). 

345. Tunali, M., Uzoefuna, E. N., Tunali, M. M. & Yenigun, O. Effect of microplastics and 

microplastic-metal combinations on growth and chlorophyll a concentration of Chlorella 

vulgaris. Sci. Total Environ. 743, 140479 (2020). 

346. O’Donovan, S. et al. Ecotoxicological Effects of Chemical Contaminants Adsorbed to 

Microplastics in the Clam Scrobicularia plana. Front. Mar. Sci. 5, (2018). 

347. Muller-Karanassos, C. et al. Environmental concentrations of antifouling paint particles are 

toxic to sediment-dwelling invertebrates. Environ. Pollut. 268, 115754 (2021). 

348. Galgani, L., Engel, A., Rossi, C., Donati, A. & Loiselle, S. A. Polystyrene microplastics 

increase microbial release of marine Chromophoric Dissolved Organic Matter in microcosm 

experiments. Sci. Rep. 8, 14635 (2018). 

349. Zhu, L., Zhao, S., Bittar, T. B., Stubbins, A. & Li, D. Photochemical dissolution of buoyant 

microplastics to dissolved organic carbon: Rates and microbial impacts. J. Hazard. Mater. 383, 

121065 (2020). 

350. Lee, Y. K., Murphy, K. R. & Hur, J. Fluorescence Signatures of Dissolved Organic Matter 

Leached from Microplastics: Polymers and Additives. Environ. Sci. Technol. 54, 11905–11914 

(2020). 

351. Boldrini, A., Galgani, L., Consumi, M. & Loiselle, S. A. Microplastics Contamination versus 

Inorganic Particles: Effects on the Dynamics of Marine Dissolved Organic Matter. 

Environments 8, 21 (2021). 

352. Stubbins, A., Law, K. L., Muñoz, S. E., Bianchi, T. S. & Zhu, L. Plastics in the Earth system. 

Science 373, 51–55 (2021). 

353. Dees, J. P., Ateia, M. & Sanchez, D. L. Microplastics and Their Degradation Products in 

Surface Waters: A Missing Piece of the Global Carbon Cycle Puzzle. ACS EST Water 1, 214–

216 (2021). 

354. Galgani, L. et al. Hitchhiking into the Deep: How Microplastic Particles are Exported through 

the Biological Carbon Pump in the North Atlantic Ocean. Environ. Sci. Technol. 56, 15638–

15649 (2022). 



 

  
 

 
 

 
 

 
 

 

Page 54 of 56 
 

355. Rillig, M. C. et al. Microplastic fibers affect dynamics and intensity of CO2 and N2O fluxes 

from soil differently. Microplastics Nanoplastics 1, 3 (2021). 

356. Zhang, W. et al. Effects of Microplastics on Greenhouse Gas Emissions and Microbial 

Communities in Sediment of Freshwater Systems. J. Hazard. Mater. 129030 (2022) 

doi:10.1016/j.jhazmat.2022.129030. 

357. Royer, S., Ferron, S., Wilson, Samuel. T. & Karl, David. M. Production of methane and 

ethylene from plastic in the environment. PLoS ONE 13, (2018). 

358. Goodsell, P. J., Underwood, A. J. & Chapman, M. G. Evidence necessary for taxa to be reliable 

indicators of environmental conditions or impacts. Mar. Pollut. Bull. 58, 323–331 (2009). 

359. Beyer, J. et al. Blue mussels (Mytilus edulis spp.) as sentinel organisms in coastal pollution 

monitoring: A review. Mar. Environ. Res. 130, 338–365 (2017). 

360. Li, J. et al. Using mussel as a global bioindicator of coastal microplastic pollution. Environ. 

Pollut. 244, 522–533 (2019). 

361. Ward, J. E. et al. Selective Ingestion and Egestion of Plastic Particles by the Blue Mussel 

(Mytilus edulis) and Eastern Oyster (Crassostrea virginica): Implications for Using Bivalves as 

Bioindicators of Microplastic Pollution. Environ. Sci. Technol. 53, 8776–8784 (2019). 

362. Costa, L. L., Arueira, V. F., da Costa, M. F., Di Beneditto, A. P. M. & Zalmon, I. R. Can the 

Atlantic ghost crab be a potential biomonitor of microplastic pollution of sandy beaches 

sediment? Mar. Pollut. Bull. 145, 5–13 (2019). 

363. Beninger, P. G., Valdizan, A., Decottignies, P. & Cognie, B. Impact of seston characteristics on 

qualitative particle selection sites and efficiencies in the pseudolamellibranch bivalve 

Crassostrea gigas. J. Exp. Mar. Biol. Ecol. 360, 9–14 (2008). 

364. Feng, Z. et al. Spatio-temporal features of microplastics pollution in macroalgae growing in an 

important mariculture area, China. Sci. Total Environ. 719, 137490 (2020). 

365. Bonanno, G. & Orlando-Bonaca, M. Perspectives on using marine species as bioindicators of 

plastic pollution. Mar. Pollut. Bull. 137, 209–221 (2018). 

366. Bråte, I. L. N. et al. Mytilus spp. as sentinels for monitoring microplastic pollution in 

Norwegian coastal waters: A qualitative and quantitative study. Environ. Pollut. 243, 383–393 

(2018). 

367. Borrelle, S. B. et al. Predicted growth in plastic waste exceeds efforts to mitigate plastic 

pollution. Science 369, 1515–1518 (2020). 

368. Priya, A., Dutta, K. & Daverey, A. A comprehensive biotechnological and molecular insight 

into plastic degradation by microbial community. J. Chem. Technol. Biotechnol. 97, 381–390 

(2022). 

369. Amobonye, A., Bhagwat, P., Singh, S. & Pillai, S. Plastic biodegradation: Frontline microbes 

and their enzymes. Sci. Total Environ. 759, 143536 (2021). 

370. Sanluis-Verdes, A. et al. Wax worm saliva and the enzymes therein are the key to polyethylene 

degradation by Galleria mellonella. Nat. Commun. 13, 5568 (2022). 

371. Zheng, Y., Zhu, J., Li, J., Li, G. & Shi, H. Burrowing invertebrates induce fragmentation of 

mariculture Styrofoam floats and formation of microplastics. J. Hazard. Mater. 447, 130764 

(2023). 

372. Hope, J. et al. The role of benthic biofilms in trapping estuarine microplastics. (in prep). 

373. Kalčíková, G. Beyond ingestion: Adhesion of microplastics to aquatic organisms. Aquat. 

Toxicol. 258, 106480 (2023). 



 

  
 

 
 

 
 

 
 

 

Page 55 of 56 
 

374. Werbowski, L. M. et al. Urban Stormwater Runoff: A Major Pathway for Anthropogenic 

Particles, Black Rubbery Fragments, and Other Types of Microplastics to Urban Receiving 

Waters. ACS EST Water 1, 1420–1428 (2021). 

375. Gilbreath, A. et al. Multiyear Water Quality Performance and Mass Accumulation of PCBs, 

Mercury, Methylmercury, Copper, and Microplastics in a Bioretention Rain Garden. J. Sustain. 

Water Built Environ. 5, 04019004 (2019). 

376. Johansson et al. Construction and initial removal processes of metals, nutrients, organic 

pollutants and microplastics in innovative bioretention filters. (In prep). 

377. Björklund, K., Cousins, A. P., Strömvall, A.-M. & Malmqvist, P.-A. Phthalates and 

nonylphenols in urban runoff: Occurrence, distribution and area emission factors. Sci. Total 

Environ. 407, 4665–4672 (2009). 

378. Markiewicz, A. et al. Emissions of organic pollutants from traffic and roads: Priority pollutants 

selection and substance flow analysis. Sci. Total Environ. 580, 1162–1174 (2017). 

379. Cole, M. et al. Mussel power: scoping a nature-based solution to microplastic debris. J. Hazard. 

Mater. 131392 (2023) doi:10.1016/j.jhazmat.2023.131392. 

380. Ten Brink, F. The potential influence of benthic infaunal ingestion of microplastics on 

microplastics fate. Prep. 

381. Iribarne, O., Botto, F., Martinetto, P. & Gutierrez, J. L. The Role of Burrows of the SW Atlantic 

Intertidal Crab Chasmagnathus granulata in Trapping Debris. Mar. Pollut. Bull. 40, 1057–1062 

(2000). 

 


