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Abstract:

Microfibre pollution is an escalating environmental issue, with natural fibres found in
greater abundance than their synthetic counterparts in the environment. This study
examines the ingestion and retention of microfibres by two freshwater
macroinvertebrates, Gammarus pulex and Corbicula fluminea, under varying
conditions of fibre type, biofilm presence, water turbidity, and exposure time.
Ecotoxicity tests revealed significant ingestion of both polyester and cotton
microfibres, with species-specific retention and ingestion patterns that differed with
fibre type. For G. pulex, polyester fibres exhibited longer retention, while cotton fibres
were ingested in larger quantities. The presence of biofilms enhanced fibre ingestion,
indicating a key role in retention. Notably, G. pulex continued ingesting microfibres
over one- and two-week exposure periods, suggesting no learning avoidance of
microfibre consumption. C. fluminea ingested consistently low number of microfibres
throughout all experiments, suggesting that selective feeding mechanism of
suspension feeding bivalves may limit the risk of microfibre ingestion. These findings
underscore the environmental risks posed by both natural and synthetic microfibres
and highlight the need for further research, particularly on natural fibres, to assess

their ecological impacts at environmentally relevant concentrations.



1.0 Introduction

Plastic fragments smaller than 5 mm, known as microplastics (MPs), can cause a
variety of ecological and environmental problems, including for example, acting as a
vector for pathogens (Wagner et al., 2014) and other pollutants (Tumwesigye et al.,
2023), altering soil pH (Qi et al., 2020; Li et al., 2021), and having myriad impacts on
the behaviour and physiology of organisms (Gola et al., 2021). MPs in the
environment typically represent a range of polymer types, particle sizes and particle
shapes. Of the different MP shapes, microplastic fibres (MPFs) dominate
environmental MP samples (Dris et al., 2017). MPFs are commonly released from
synthetic textiles; for example, as many as 90% of MPs in oceans are believed to be
derived from washing and drying synthetic textiles (Gaylarde et al., 2021). However,

their abundance does not represent the entire textile fibre pollution problem.

In addition to MPFs, the environment is also a sink for many natural microfibres
(NMFs), which are originally derived from plant (e.g. cotton, hemp, jute) and animal
(e.g. wool, cashmere, silk) products and processed for anthropogenic use. NMFs are
also an area of environmental concern because they are typically more abundant
than their synthetic counterparts in the environment (Dris et al., 2017; Stanton et al.,
2019), prolific throughout marine (Barrows et al., 2018) and freshwater (Miller et al.,
2017) ecosystems. However, research into the impacts of NMFs is much more

limited than for MPFs, and environmental risks are poorly understood.

Of the environmental threats posed by microfibres of both natural and synthetic
origin (MFs), their ingestion by organisms has generated significant scientific, public,
and political concern. While the ingestion of MFs, both of natural and synthetic origin
is under-researched, it has been found that MFs consistently cause greater toxicity
when ingested than other MP morphologies (Gray and Weinstein, 2017; Ziajahromi
et al., 2017; Hodgson, 2019; Qiao et al., 2019). MFs are also ingested in greater
numbers than other shapes of MP in the field (Windsor et al., 2019; Bertoli et al.,
2022); however, this is likely attributable to their abundance in the environment
rather than MFs being preferentially consumed. Regardless of the cause, the greater
ingestion of MFs and current toxicity findings suggest that they pose a greater threat
to wildlife than any other shape of MPs. There is therefore a pressing need for

further research to better understand the risks that all MFs pose.



Ingestion rates may also be influenced by environmental factors, such as water
turbidity and the presence of biofilms on fibres. Turbidity can reduce the visibility and
detectability of particles, potentially altering ingestion patterns in aguatic organisms.
High levels of suspended solids have been found to affect ingestion rates in aquatic
invertebrates (e.g. Arruda et al., 1983; Aldridge et al., 1987). Similarly, biofilms, that
readily form on MF in aquatic environments, can modify the physicochemical
properties of microparticles, which can alter their ingestion by organisms (Fabra et
al., 2021). Given that ingestion is a critical factor in assessing the ecological impact
of MFs, understanding how environmental conditions influence ingestion dynamics is

essential for evaluating their broader environmental risks.

While the ingestion of MFs is an important determinant of their potential ecological
effects, their egestion is potentially more important. This is because it determines the
length of time such particles will remain in an organism and cause adverse effects
(Klein et al., 2021), as well as the potential for trophic transfer through food webs
(Windsor et al., 2019). Despite this, the egestion of anthropogenic patrticles,

particularly MFs, is not well understood or reported.

Studies focused on the egestion of MPs have demonstrated that MPs are egested by
a range of organisms from fish (Ory et al., 2018; Xiong, 2019) to macroinvertebrates
(Redondo-Hasselerharm, 2018). However, the time taken from ingestion to egestion
is significantly longer for MPs than food pellets (Ory et al., 2018), suggesting that
these particles are processed differently, perhaps getting stuck in the gastrointestinal

tract.

It has been suggested that the shape of the ingested particulate impacts their
egestion, with irregularly shaped MPs likely to take longer to egest (Redondo-
Hasselerharm, 2018). As MFs are irregularly shaped, it follows that they would take
longer to egest than other particle morphologies, as supported by Xiong et al. (2019),
who found that MP filaments took longer to be egested than other MP shapes. The
long time for egestion may also be caused by MFs becoming tangled with one
another, or other material, in the gastrointestinal (Gl) tract. Ignoring the diversity in
the varied characteristics of MFs could lead to oversimplified conclusions regarding
their ecotoxicology, and potentially skew current sustainability narratives within the

fashion industry. Therefore, assessments of all fibre types, both natural and



synthetic, is essential to avoid misrepresentation and minimise the risk of
greenwashing, ensuring more accurate representations of the environmental risks of
MFs.

As the shape of particles is known to impact their egestion, it can be hypothesised
that there will be a difference in the egestion of natural and synthetic fibres. Cotton
fibres have a twisted ribbon-like structure, different to the uniform cross-section and
smooth surface of plastic fibres, such as polyester fibres, which are extruded. Other
natural fibres such as wool have similarly irregular shapes, yet the difference in the
egestion of NMFs and MPFs has not been compared, with little research looking at
NMFs. This leaves a significant knowledge gap regarding the egestion of NMFs by
primary consumers, of critical importance for understanding the potential for their
biomagnification and adverse biological effects throughout the food chain. This is
particularly true given that the abundance of NMFs has been shown to be much
higher than MPFs across multiple studies (eg. Dris et al., 2017; Stanton et al., 2019).
This MRes attempts to fill these gaps by investigating and comparing MPF and NMF
egestion by freshwater macroinvertebrates at environmentally relevant MF
concentrations, and considering fibre condition, water turbidity and environmental

exposure time.

Aim and Obijectives:

The aim of this MRes is to explore the influence of fibre type, biofilm formation and
water turbidity on MF ingestion and retention by two freshwater invertebrates,
representing differing feeding strategies. This will be achieved by addressing the

following objectives:

1. To assess the time for MFs to be egested by Gammarus pulex and Corbicula

fluminea.

2. To determine how MPF and NMF retention is related to ingestion.
3. To compare the ingestion and retention of NMFs and MPFs.

4. To assess the impact of biofilms on MF ingestion and retention.

5. To assess the impact of turbid water on MF ingestion and retention by a filter

feeding bivalve.



2.0 Literature Review

2.1 Plastics:

Plastics are synthetic materials made from polymers, which are chemical
compounds of repeated units known as monomers bonded together to form long
chains (Gad, 2014). The properties of plastics can be greatly influenced by the
number and type of monomers, the polymer's structure, and the additives used
(Fergusson and Staudinger, 1973; Baker and Mead, 2000), resulting in a diverse
array of polymers suitable for various applications. Most modern plastics consist of
carbon-based monomers derived from petrochemicals, making them highly resistant
to degradation through chemical and physical weathering processes.

The 20th century saw the advent of plastics after the invention of Bakelite by Dr Leo
Baekeland in 1907 (Mossman, 1997), with innovations throughout the 20th and 21st
century, resulting in thousands of different plastic polymers. The expansion of plastic
production was rapid, and by the 1960’s plastics were commonplace in modern life
(Mossman, 1997). In 2011, the demand for plastics was almost 200 times that in
1950 (PlasticsEurope, 2012). The increase in plastic production has not been
matched by innovations in their end-of-life processing, meaning that vast quantities
of plastics are now entering the environment due to inefficient and unsuitable waste
management practices. Despite this, the cost-effectiveness, versatility, and durability
of plastics has led to their widespread use as an alternative to other materials
(Fergusson and Staudinger, 1973; Hammer et al., 2012). This includes natural fibres
for textile applications, with 14% of plastic production attributed to fibres alone (Bartl,
2020).

2.1.1 Plastic Pollution

Initially celebrated as revolutionary materials, plastics are now associated with
environmental pollution (Klemes et al., 2021). Almost half of all non-fibre plastics are
single use (Gibb, 2019), with most plastics having a life span of less than a year
(Zaman and Newman, 2021). At the end of its useful life, only 9% of plastic waste is
recycled (Ritchie et al., 2018), with the majority either incinerated or disposed of into
unsuitable waste management systems that release up to 12 million metric tons of
plastic to the ocean every year (Jambeck et al., 2015). By 2015, it was estimated

that 79% of all plastic waste produced since 1950 was either in landfill or in the
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natural environment (Geyer et al., 2017), and by 2050 it is projected that there will be

more plastic in the ocean than fish (Ellen MacArthur Foundation, 2016).

Once in the environment, plastic debris can harm wildlife through an array of
mechanisms; the two most notable being entanglement and ingestion. Entanglement
is typically a more visible impact of plastic pollution, and is reported to suffocate and
drown wildlife (Allen et al., 2012; Hiemstra et al., 2021), reduce their mobility (Dar et
al., 2022), and impair their ability to catch prey (Derraik, 2002) and avoid predators
(Gregory, 2009; Pawar et al., 2016). Although more difficult to detect and research,
plastic ingestion has been documented since the 1960s (Kenyon and Kridler, 1969),
harming organisms through mechanisms that include perforating and blocking
digestive tracts (Mascarenhas et al., 2004; Wilcox et al., 2018; Panti et al., 2019;
Foskolos et al., 2023), creating a false feeling of satiety leading to starvation (Pierce
et al., 2004; Danner et al., 2009), and bioaccumulating toxic chemicals in organisms’
tissues (Derraik, 2002; Besseling et al., 2013; Rochman et al., 2013; Peng et al.,
2021). Plastics also adsorb chemicals and persistent organic pollutants (POPSs) from
the surrounding medium (Rios et al., 2010; Hirai et al., 2011; Rochman et al., 2013),
concentrating them to levels potentially harmful to organisms (Andersson, 2014).In
addition, hundreds of plastic-associated chemical compounds are toxic (Groh et al.,
2018), although plastic additives have unknown or disputed environmental impacts
(Andrady and Neal, 2009; Hahladakis et al., 2018). The ingestion of plastic debris is
now reported in wildlife worldwide, with over 90% of seabirds having plastic in their
stomachs (Van Franeker et al., 2011; Wilcox et al., 2015), and more than 300 fish

species documented to have ingested plastics (Markic et al., 2020).

The abundance of plastics in the environment is not due to them being produced and
disposed of in greater amounts than other anthropogenic products, but instead due
to their persistence (Andrady, 2015). Most plastics do not biodegrade; instead, they
break down through exposure to UV rays or fragment into smaller pieces through
other mechanisms of chemical, physical, and biological weathering, reducing the
size of polymer chains until they become metabolizable. This allows them to persist
in the environment for decades. Consequently, even if inputs are stopped entirely,
plastic pollution would continue to be widespread in global environments for

centuries (Barnes et al., 2009).



2.1.2 MPs

The scale of plastic pollution has changed over time. While plastic accumulation in
the environment and interactions with organisms have been increasing in the past
few decades (reviewed by Barnes et al., 2009), the size of plastics in the
environment is reducing (Barnes et al., 2009). The fragmentation of plastics through
biological, chemical, and mechanical processes presents a further threat to
ecosystems, creating tiny plastic particles (Rillig, 2012; Zettler et al., 2013; Andrady,
2015) that can be ingested by the smallest of organisms, and persist in every

environmental niche on earth.

Microplastics (MPs) are plastic particles smaller than 5 mm in their longest
dimension, originating from both primary and secondary sources (Frias and Nash,
2019). Primary MPs are those manufactured as such, for use in household and
industrial products (Cole et al., 2011; Boucher and Friot, 2017), while secondary
MPs result from the breakdown of larger plastic debris through biological, chemical,
and mechanical processes (Rillig, 2012; Zettler et al., 2013; Andrady, 2015). The
proliferation of MPs throughout the environment has been documented on every
continent (Agamuthu, 2018; Cera et al., 2020), even in remote and uninhabited
islands (Martins et al., 2020; Nichols et al., 2021). The impacts of MP pollution are
similar to those of larger plastic debris but their small size presents a new threat.
MPs are more biologically available, with organisms ingesting and inhaling them,
facilitating the trophic transfer of MPs (Farrell and Nelson, 2013; Caruso, 2019), and
damaging olfactory and respiratory systems (Verla et al., 2019; Shi et al., 2021).

Secondary microplastics typically constitute the majority of microplastics found in the
environment (Burns & Boxall, 2018) and include plastic textile fibres. Despite their
dominance in environmental samples, a greater focus has been placed on primary
microplastics in the academic literature, the media, and government policies (Gouin
et al., 2015). This focus is likely caused by the tendency to simplify MPs into a
single, cohesive pollutant, leading the public and policymakers to believe that rinse-
off cosmetic products and other now banned MP sources were the largest, if not
only, contributors of MPs to the environment (Rochman et al., 2019). As a result,
other sources of MPs, particularly from secondary sources, are often overlooked.
The lack of clarity about different types of MPs may stem from the inconsistencies

between studies, with the number of shape categories ranging from 4 to as many as

7



10 (Hidalgo-Ruz et al., 2012; Frias and Nash, 2019; Rochman et al., 2019; Edo et
al., 2021) and lacking in standard definitions.

2.2 Fibres

There are three main categories of fibre - natural fibres (plant and animal-based
fibres), synthetic fibres (mainly formed from extruding petrochemical products), and
regenerated fibres (extruded fibres with a natural polymer, e.g., cellulose, starting
material). The unique structures of each fibre type give them varied properties and
uses, making them as ubiquitous in daily life as plastics.

While natural fibres have been utilized for over 10,000 years (Mwaikambo, 2006),
synthetic fibres were only introduced in the past two centuries (Loasby, 1951).
Today, synthetic and regenerated fibres account for 69% of global fibre production,
compared to just 29% for natural cellulosic textile fibres (TextileExchange, 2020).
Unfortunately, as with plastics, unsustainable processes of textile production and

disposal mean large volumes of fibres pollute the environment every day.

2.2.1 Fibre pollution

Fast fashion has created a culture of frequent purchase and disposal of clothes
(Birtwistle and Moore, 2007), with some items thrown out after just a few or even no
uses (Laitala and Klepp, 2015). Previous estimates have suggested that, in the UK,

the average consumer disposes of 30 kg of textiles annually (Allwood et al., 2006).

While some clothing and textiles are recycled and repurposed, with significant
volumes in the UK donated to charity shops where they are either sold, recycled, or
sent abroad to be reused (Birtwistle and Moore, 2007; Farrant et al., 2010; Allwood
et al., 2006), textile recycling remains difficult. Only around 1% of textiles are
recycled annually (Cotton et al., 2020). Complications in recycling textiles stem from
issues such as sorting fibre blends (Hawley, 2009) and the degradation of fibres
during the recycling process (Bukhari et al., 2018). This means most textiles at the
end of their useful life ultimately end up in landfill. Even before disposal, fibre
production causes significant environmental pollution with textile dyes released into
aquatic environments known to be toxic throughout the food chain (Zhang et al.,
2013; Kaur and Dua 2015), including for humans for whom dyes can be carcinogens
(Mehra et al., 2021).



The textile industry, like the plastic industry has recently seen a move towards
sustainable fibre alternatives, particularly for clothing, with a push for increased use
of natural fibres. However, natural fibre alternatives are not always more sustainable.
While the production of a cotton shirt has a carbon footprint of less than half that of a
polyester shirt (Fairtrade Foundation, 2020), natural fibres such as cotton are highly
water dependant and reliant on pesticides, needing almost 3000 L of water to
produce just one t-shirt and accounting for 6% of global pesticide use despite using
only 2.4% of global arable land (Fairtrade Foundation, 2015). There has been a
move towards more sustainable growing practices of cotton, yet as of 2019 only 25%
of cotton grown complied with at least one voluntary sustainability standard (11SD,
2023), and in 2021 only 1.4% was organic (TextileExchange, 2022). Therefore, a
push towards greater use of cotton due to its status as a natural fibore may be

misleading customers regarding sustainability.

Fibres are rarely bonded together to create a product and are instead woven or
twisted. This allows fibres to shed from fabrics and break down over time into MFs.
As with MPs, the small size of MFs increases their bioavailability, and their presence

in the environment is now becoming an area of increasing concern.

2.2.2 Microfibres
Although lacking in a standardised definition, Liu et al., (2019b) proposed that MFs

are fibres less than 50 um in diameter and 5 mm in length. Despite being derived
from natural sources, conventional natural textile fibres are not a natural product.
The natural fibres used in modern applications undergo processing that alters their
properties, such as the addition of dyes and additives, which removes them from

their natural state (Wagaw et al., 2024), making them an anthropogenic product.

MFs dominate samples of MPs, often accounting for upwards of 70% of the particles
recorded in microplastic studies (e.g. Desforges et al., 2014, Barrows et al., 2019;
Suaria et al. 2020b; Kanhai et al., 2016; Brahney et al., 2020; Huang et al., 2021; Liu
et al., 2019a; Wang et al., 2020; Welsh et al., 2022; Wright et al., 2020; Soltani et al.,
2021, 2022). Although the environmental impacts of MF pollution are comparable to
those of other MP shapes, MFs consistently exhibit higher toxicity when ingested
(Gray and Weinstein, 2017; Hodgson, 2019; Qiao et al., 2019). MFs are thought to

pose a larger threat to wildlife than other forms of MPs because of their greater



abundance (Windsor et al., 2019; Bertoli et al., 2022), therefore demanding research
to better understand the risk they pose.

There are a wide variety of sources of MFs, from personal care products such as wet
wipes (Briain et al., 2020) to carpets (Soltani et al., 2021). MF pollution increased
sharply during the COVID-19 pandemic, partly due to the widespread use and
improper disposal of face masks (Saliu et al., 2021; Shruti et al., 2020; Fadare &
Okoffo, 2020). Cigarette butts are one of the most littered items globally (Kurmus
and Mohajerani, 2020) and typically contain a cellulose acetate (CA) filter designed
to limit the carcinogenic load on smokers, but are also a significant source of MFs in
the environment (Shen, 2021). Cigarette filters each contain more than 10,000
filaments of poorly biodegradable CA (Hengstberger and Stark, 2009; Novotny et al.,
2009), which fragments in the environment (Novotny et al., 2009), releasing around
100 CA MFs per butt per day (Belzagui et al., 2021). Once smoked, cigarette butts
contain heavy metals and chemicals which leach into the environment when littered
and are known to be toxic, altering the behaviour, growth rate, reproduction, and
mortality of organisms who interact with them (Moroz et al., 2021). The total volume
of MFs released from cigarette butts per year is potentially as significant as that from
household laundry (Belzaugi et al, 2020), which is often considered as one of the

greatest sources of MFs.

MFs are shed from clothing throughout their production (Zhou et al., 2020; Chan et
al., 2021; Dhir et al., 2021), use (De Falco et al., 2020; Palacios-Mateo et al., 2021),
washing (Napper and Thompson, 2016; Athey et al., 2020), drying (Kapp and Miller,
2020, Tao et al., 2022), and even after their disposal (Sun et al., 2021). The washing
of textiles is a well-researched source of MFs, with upwards of 70% of people in
developed countries owning a washing machine (Statista, 2023). Washing machines
cause textiles to shed MFs, which are then fed into wastewater systems. Although
wastewater treatment plants (WWTPs) have MP and MF removal rates reported to
be upwards of 70% (Murphy et al., 2016; Talvitie et al., 2017; Magnusson and
Noren, 2014; Carr et al., 2016; Sol et al., 2021), the sludge in which MPs and MFs
are captured in during the secondary and tertiary treatment processes is often used
as fertilisers on farmland. Agricultural soils are now suggested as a significant sink
for urban MPs (Nizzetto et al., 2016), with MFs found to persist at sites where sludge

has been applied 15 years later (Zubris and Richards, 2005). The relatively small
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percentage of MPs and MFs that are not removed during treatment still represent a
substantial volume of particles released into the environment, with MFs accounting
for up to 90% of the total plastic mass in WWTPs (Gaylarde et al., 2021). In many
countries sewage is untreated, with 80% of industrial and municipal wastewater
globally remaining untreated before being released into the environment (Duis and
Coors, 2016; WWAP, 2018). In developing regions where washing machines are
less common, textiles are washed by hand (G6tz and Tholen 2016), often releasing

these fibres directly into the environment (KeChi-Okafor et al., 2023).

Even before reaching the WWTP, MFs from domestic washing of textiles pollute the
environment, accounting for up to 35% of atmospheric MF pollution (Mishra et al.,
2020). Once washed, clothes may be dried using a tumble-dryer which is itself a
source of MFs which, depending on the type of dryer, can be released into
wastewater treatment infrastructure or the atmosphere (O’Brein et al., 2020;
Karkkainen and Sillanpaa, 2021). The release of MFs from the domestic laundering
of clothing is so significant, that as many as 90% of MPs in oceans are believed to

be derived from washing and drying of synthetic textiles (Gaylarde et al., 2021).

Despite increased research into MF sources, there remain gaps in our knowledge
due to the difficulties in quantifying and investigating non-point sources. Research by
Carr (2017) suggests that the active use of textiles and MF shedding accounts for a
larger component of MF pollution than WWTPSs, supporting the theory that non-point
sources are important contributors to MF pollution. Similarly, although the most
researched source of MF is textiles, there has been research suggesting other
products such as carpeting and personal care products may be greater sources than
textiles (Belzagui et al., 2021); however, more research is needed to confirm this.

MFs and MPs are transported throughout and across environments through a variety
of mechanisms. The small size of MPs allows them to be transported vast distances
in the atmosphere (Gasperi et al., 2018), often deposited in rain (Dris et al., 2016),
allowing them to contaminate even the most remote areas, and those protected from
humans (Brahney et al., 2020). MFs are also easily transported once present in the
aquatic environment due to their small size and weight, making them readily

transportable by flowing water.
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Despite MPFs accounting for over half of all textile fibres produced
(TextileExchange, 2020), NMFs are being found in greater number than their
synthetic counterpart in the environment (Dris et al., 2017; Stanton et al., 2019).
However, research into the interactions between organisms and NMFs in the

environment and their impacts is even more limited than for MPFs.

2.2.3 Natural Microfibres

Natural microfibres (NMFs) are fibres of natural origin that have been
anthropogenically modified, often through the addition of dyes, additives, and other
treatments. These fibres encompass a range of types, including protein-based
animal fibres (e.g., wool, silk), cellulose-based vegetable fibres (e.g., cotton, hemp;
often referred to as cellulosic fibres), as well as mineral fibres such as asbestos and
glass. Cellulosic MFs in marine waters have been reported since the mid-20th
century (Atkins et al., 1954; McAllister et al., 1960), while those of synthetic origin
were first reported in water samples in the late 20th century (Bucanan, 1971).
Because of the perception that NMFs degrade and are potentially even bioavailable,
most research investigating MFs does not report the proportion of cellulose-based
fibres found in their samples (Athey and Erdle, 2022; Finnegan et al., 2022).
Although the reason for the abundance of NMFs is not understood, it may be in part
due to cellulosic fabrics shedding in greater amounts, therefore producing more MFs
than synthetics (Zambrano et al., 2021, Sillanpaa et al., 2017). For example, cotton —
a cellulose based fibre — is a staple fibre which are relatively short, while textile
applications of polyester are regularly as long filament fibres. The tensile strengths of
cotton and polyester fibres also differ (Napper and Thompson, 2016). The shorter
length and lower tensile strength of some natural fibres therefore mean they can
shed more easily from textiles. NMFs are also not as biodegradable as commonly
stated, with natural and regenerated fibres able to persist for months to decades in
the environment (Belzagui et al., 2021; Puls et al., 2011; Turner et al., 2019;
Zambrano et al., 2020), as dyes and treatments alter biodegradability and increase
fibre persistence in the environment (Park et al., 2004; Li et al., 2010; Puls et al.,
2011; Sait et al., 2021; Sgrensen et al., 2020; Zambrano et al., 2021). The
abundance of NMFs in the environment is not mirrored by an abundance of

research, so that significant gaps in our knowledge remain regarding the

12



ecotoxicology of these fibre types, and their interactions with organisms in the

environment.

2.3 Geographies of MP and MF

Research into plastic pollution has been concentrated on developed nations (Blettler
et al., 2018), but many of these countries export their plastic waste to nations with
more lenient waste management policies (Liu et al., 2018). This has created
disparate geographies of plastic pollution whereby the countries contributing the
greatest volumes of plastic waste see the least impacts (Wang et al., 2020), and the
countries seeing the largest environmental impacts, most often developing nations,
are comparatively under-researched. This trend can also be seen with textile
pollution with 70% of all clothes donated to charity exported to Africa, much of which
ends up in landfill (Kubania, 2015). As a result, these regions may become hotspots
for MP and MF pollution, as improper waste management and the disposal of textiles

contribute to the accumulation of these pollutants in the environment.

Urban areas have been identified as hotspots for high MP and MF concentrations
due to high population density and industrial activities (Barnes et al., 2009).
Research on the Laurentian Great Lakes recorded concentrations ranging from 0 to
over 450,000 particles km-2, depending on proximity to urban areas (Eriksen et al.,
2013). Atmospheric deposition of MFs is also significantly higher in urban
environments compared to suburban ones (Dris et al., 2018). That said, despite
lower levels of human activity and reduced sewage input, rural and less populated
areas also experience notable levels of MP and MF pollution, highlighting the
pervasive and far-reaching nature of these pollutants (Lourenco et al., 2017).

Research into MP and MF pollution has predominantly focused on marine
environments, with both recorded in every ocean and marine habitat on earth (do Sul
et al., 2014; Lee, 2015; Gago et al., 2018). Only 3.7% of studies on MPs in 2017
focused on freshwater environments (Wagner & Lambert, 2018) despite rivers being
known to act as a conduit transporting these pollutants from land to marine
environments (Bowmer & Kershaw, 2010; Lebreton et al., 2017). Even fewer studies
address terrestrial environments (Rillig, 2012) despite evidence that agricultural soils
are significant sinks for urban MPs (Nizzetto et al., 2016) and that terrestrial sources

account for the majority of plastic pollution in the oceans (Barnes et al., 2009; UNEP,
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2009; Jambeck et al., 2015). Despite a recent growth in research on terrestrial and
freshwater environments, large gaps remain in our understanding of plastic and

textile pollution, and their micro counterparts, in these environmental compartments.

2.3.1 Typical Environmental Concentrations

MP concentrations have been studied in both freshwater and marine environments;
however, the reported concentrations vary drastically between studies and regions.
Research on MFs is comparatively limited. A lack of standardised methods for
sampling MPs and MFs (Hidalgo-Ruz et al., 2012) and reporting findings also
complicates comparisons between studies (Ryan et al., 2020). In some cases,
researchers have deliberately excluded MFs from analysis due to the challenges in
preventing contamination such as from atmospheric deposition and cross-
contamination from other sources (e.g. Foekema et al., 2013; Kuhn et al., 2020).
Estimating MP concentrations in an environment by extrapolating data that ignores
temporal variations can misrepresent the actual abundance by orders of magnitude
(Stanton et al., 2020). Changes in weather conditions have also been found to
impact the reported MP and MF concentrations in marine samples, which again
hinders our understanding of the true concentrations of these particles in the

environment (Ryan et al., 2020).

2.3.1.1 Marine Concentrations

In marine environments, MP and MF concentrations show wide variability, even
across the same ocean. For example, Desforges et al. (2014) reported MP
concentrations ranging from 8 to 9,180 particles/m2 in the northeast Pacific Ocean,
with lower concentrations observed at offshore locations. MFs exhibit similar
variability. Barrows et al. (2016) found average MF concentrations of 10 fibres/L
across global oceans, with the Arctic Ocean exhibiting the highest (31.3 MFs/L) and
the Indian Ocean the lowest levels (4.2 MFs/L). Notably, open ocean samples
consistently showed higher concentrations than coastal samples (Barrows et al.,
2018).

The concentrations of MP and MFs also vary vertically within the water column. MFs
have been found to be more abundant in sea surface waters than when sampled in
waters at depth (Reisser et al., 2015), with La Daana et al (2017) reporting less than

1 fibre/L at a depth of 11 m in the Atlantic Ocean. However, MFs have also been
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found in higher concentrations in deep-sea sediments than at the ocean surface
(Woodall et al., 2014), demonstrating the complexity of their distribution in marine
environments. Despite differences in density, MPs of varying specific gravities can
be found throughout the water column, caused by the cyclical movement of these
particles through a number of processes, including the vertical and horizontal
dispersion due to the stratification of the water (Isobe et al., 2014; Law et al., 2014),
wind mixing events (Kukulka et al., 2012; Reisser et al., 2015), and biofouling
(Moret-Ferguson, et al., 2010; Kooi et al., 2017).

2.3.1.2 Freshwater Concentrations

Different freshwater ecosystems have variable MP and MF concentrations. A review
by Frank et al. (2022) on Russian inland waters highlights this range, reporting
concentrations as low as 0.007 particles/m3 in the mouth of the Northern Dvina
River, and as high as 11,000 particles/m3 (11 particles/L) in the Altai lakes. This wide
variation is often attributed to differences in sampling methodologies. For instance,
the Northern Dvina River study employed a 200 um neuston net at a depth of 20 cm
(Yakushev et al., 2021), inherently excluding particles smaller than 200 um, whereas
the Altai lakes were sampled at a depth of 30 cm using 5 L glass jars (Malygina et
al., 2021), capturing particles of all sizes. This discrepancy in sampling techniques
reflects the broader challenge of obtaining accurate and comparable data across
freshwater systems globally. A review of research on MP concentrations in

worldwide lakes found a median value of around 1.4 MPs/L (Dusaucy et al., 2021).

This variability highlights the limitations posed by inconsistent sampling protocols.
The type of sampling equipment, mesh size, and depth all influence the recorded
concentrations, making cross-study comparisons difficult. This inconsistency
highlights the need for standardised methods in MP and MF research to provide a

clearer understanding of their prevalence in freshwater ecosystems.

2.3.1.3 Sampling methods

The variability in estimated MP and MF concentrations can be partly attributed to the
limitations of current sampling methods. Cutroneo et al. (2020) found that nets were
the most common sampling tool for MPs in the marine environment, used in 61% of
studies prior to 2019, with a mesh size of 333 um being the most common. However,

the use of these nets means that many studies are underestimating the total MP
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abundance, as particles smaller than 333 ym are excluded. Studies using nets with
smaller mesh sizes (<100 uym) have reported significantly higher MP abundances
compared to those using larger meshes (Gorokhova, 2015; Noren, 2007; Enders et
al., 2015; Nel & Froneman, 2015; Kang et al., 2015). Trawling using neuston and
manta nets can also underestimate the concentration of MPs due to their bias
against MFs which, being less than 50 um in diameter, can be thin enough to pass

through even the smallest mesh sizes.

While MFs are widely agreed to dominate environmental samples of MPs, the
proportion of natural fibres reported varies, with between 30-90% of microparticles in
samples reported to be natural fibres (Suaria et al., 2020b; Barrows et al., 2018;
Soltani et al., 2021). The variance in NMF abundance may be due to an inability of
current techniques to identify either synthetic or natural fibres, particularly when a
biofilm is present. The growth of bacterial and fungal communities on the surface of
fibres can interfere with detection methods, distorting signals and altering surface
morphology, which complicates accurate identification. Barrows et al. (2018) found
that several fibres, initially classified as synthetic, were later reclassified after further
analysis. This suggests that similar misidentifications may occur in other studies,

leading to an underestimation of NMF prevalence.

NMFs are also often actively excluded from MP analysis due to difficulties in
separating these particles. Chemical digestants used to isolate MPs can damage
and degrade natural and semisynthetic fibres (Dehaut et al., 2016; Treilles et al.,
2020). Because of the difficulties in working with NMFs, current environmental
concentration estimates for NMFs are limited.

Due to the abundance of MPFs in the environment, as well as the difficulties involved
in identifying and manipulating them, as well as in differentiating them from NMFs, it
has been suggested that they should be considered as a distinct category of
anthropogenic pollutant separate to other MP shapes (Ryan et al., 2020).

2.4 Ingestion of MPs and MFs

MPs, MPFs, and NMFs are ingested by organisms through two primary
mechanisms: accidental ingestion due to unselective feeding or mistaking them for

food (Wright et al., 2013), and indirect digestion through consumption of
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contaminated prey (Ryan, 2019). Once ingested, the smallest MPs and MFs have
the potential to translocate, moving from the gut into the tissue and organs of
organisms (Kershaw, 2015), with particles smaller than 150um being most likely to
translocate (Duis and Coors, 2016). The movement of MPs and MFs beyond the gut
into other tissues can increase the risk of chronic and potentially more significant

harm to organisms.

The dominance of MFs in the environment is mirrored by the particles ingested by
organisms, with animals across trophic levels ingesting a greater number of MPFs
than other MP shapes (Li et al., 2016; Khedre et al., 2023; Villagran et al., 2020
Compa et al., 2018 Hara et al., 2020; Rebelein et al., 2021; Lourenco et al., 2017).
MPFs have also been found to cause higher mortality rates once ingested than other
forms of MPs (Gray and Weinstein, 2017). While MP ingestion is often restricted by
size, because organisms have limits to the size of particle they ingest, MFs can be
ingested even when their length exceeds the size limit that the organism would
typically consume because of their small diameter. For example, Jemec et al. (2016)
reported a fibre of 1400 um in length in the gut of Daphnia magna despite daphnids
being thought to have an upper limit for MP ingestion of 50 ym. This suggests that
MPFs pose a greater risk than other shapes of microplastics, as their length does not

preclude their ingestion.

Predators are often regarded as being at high risk of MP and MF bioaccumulation
(Kahn et al., 2015; Lipej et al., 2022; Roman et al., 2022) and MPs have been
shown to transfer across trophic levels (Watts et al., 2014; Miller et al., 2020).
However, the degree to which they bioaccumulate is debated. Garcia et al., (2021)
suggest that these particles primarily are ingested through direct consumption, rather
than bioaccumulating. There is also little evidence of MP and MF biomagnification,
suggesting that higher trophic levels may not be at greater risk from MPs than lower
trophic levels (Bour et al., 2018; Gouin, 2020).

A trend repeatedly found through the literature shows plastics of certain colours,
shapes, and sizes being preferentially and intentionally ingested by organisms (e.g.
Carpenter et al., 1972; Gramentz, 1988; Moser and Lee, 1992; Shaw and Day, 1994;
Phaksopa et al., 2021; Rios et al., 2022). As examples, Pimephales promelas

(fathead minnows) ingested up to 10 times more MPs between 63-75 um than those
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between 125-150 ym (Hoang and Felix-Kim, 2020) and marine bivalves Mytilus
edulis and Crassostrea virginica selectively ingested more MF than similarly sized
microspheres (Ward et al., 2019). Some organisms have even been shown to
actively avoid ingesting MPs and MPFs, particularly when offered an alternative food
source (Cole et al., 2013; Aljaibachi and Callaghan, 2018; Yardy and Callaghan,
2020). For some invertebrates this may be due to chemo-mechanical sensilla which
allow them to determine whether an object is edible. G. pulex used in a study by
Yardy and Callaghan (2020) are known to have these sensilla (Lange et al., 2005),
and actively avoided feeding on acrylic MF contaminated algal wafers. The marine
copepod Centropages typicus, similarly fed less on algae when microplastics were
present, with higher MP concentrations correlating with lower algae ingestion rates
(Cole et al., 2013). Despite this reported avoidance behaviour, field studies have
found significant MP ingestion by crustaceans, mostly consisting of MFs. Murray and
Cowie (2011) found that 83% of Nephrops norvegicus (Norway Lobster) contained
MPs, predominantly MFs, while Devriese et al. (2015) found that 63% of sampled
Crangon crangon (Brown shrimp) had ingested MPs, 96.5% of which were MPFs.
This suggests that despite the ability to detect non-food particles, organisms may still
ingest them, potentially due to their high abundance in some locations, or the

potential of biofilms to mask their chemical cues.

The documented effects of MP and MF ingestion vary widely. Some studies show
minimal impacts, with no changes in growth, pathology, or stress in organisms with
long term exposure to virgin MPs, manufactured MPs that have not been weathered
or recycled, (Jovanovic¢ et al., 2018). Others report sub-lethal impacts, such as
impaired reproduction in oysters (Sussarellu et al., 2016), reduced resistance to
parasitic infections (Masud et al., 2022) and reduced feeding activity (Besseling et
al., 2013; Watts et al., 2014; Cole et al., 2013). Studies on chronic exposure to MPs
and MFs suggest that environmentally relevant concentrations may cause sub-lethal
and lethal effects (Tosetto et al., 2016; Hamm and Lenz, 2021; Walkinshaw et al.,
2023). Research on the ingestion of MFs, particularly NMFs, remains limited (Ryan
et al., 2020), however recent studies indicate that NMFs exhibit similar levels of
toxicity as MPFs (Kim et al., 2021; Mateos-Cardenas et al., 2021).

While MPFs are now commonly reported to be ingested by organisms, this is not the

case for NMFs which only recently garnered attention in research. As mentioned
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previously, NMFs fibres are often actively excluded from MP studies due to the
methods used to isolate them. Consequently, research into NMF ingestion has been
limited until recently. However, recent studies indicate that NMFs are prevalent in
aquatic organisms, found ingested in comparable numbers to MPs (Compa et al.,
2018) and even exceeding the numbers of ingested MPs in some cases (Hou et al.,
2023). Research also suggests that NMFs and MPFs exhibit similar levels of toxicity
for freshwater and marine invertebrates (Kim et al., 2021; Mateos-Cardenas et al.,
2021). Indeed, NMFs may pose a greater threat to organisms than MPs and MPFs
due to their faster degradation, which could release absorbed pollutants into the
environment more quickly than MPs as these chemicals are released after
degradation (Ladewig et al., 2015). Cotton MFs, for example, have been shown to
reduce the growth rate of mussels (Walkinshaw et al., 2023) and impact the growth
and behaviour of Menidia beryllina (Inland Silverside fish) and Americamysis bahia
(Mysid shrimp; Siddiqui et al., 2023).

Although the Ingestion of MPs and MFs is widely reported in marine, freshwater and
terrestrial organisms, with some studies reporting ingestion in over 80% of the
organisms investigated (e.g. Murray and Cowie, 2011) many studies report very low
and even no particles ingested. Rummel et al., (2016) found plastics were present in
only 5.5% of fish samples, while Foekema et al., (2013) found similarly low numbers
in Atlantic herring (only 2% had ingested plastics) and Atlantic mackerel (no MPs
were found). Even when studies find MPs in the Gl tract of organisms, they often
contain only one particle (e.g. Foekema et al., 2013; Beer et al., 2018; Budimir et al.,
2018). This suggests that while these particles can be ingested in abundance by
organisms, they may not be retained in their gut, instead being egested along with
normal food. The retention of anthropogenic particles by organisms may be a more
important determinant than their ingestion on the impacts that these particles will
have, yet there remains limited research looking at the egestion of either MPs or
MFs (Mateos-Cardenas et al., 2021).

2.5 Egestion

Organisms have a range of evacuation methods for inedible and indigestible
materials, some of which are passive (e.g. diffusion along concentration gradients)

while others are active (e.g. regurgitation and the production of pseudo faeces).
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Mammals and fish are known to have well-structured orders of egestion, with the
least digestible food items being evacuated last; however, repeated ingestion slows
down this process, leading to the accumulation of ingestible solids in the gut (Dos
Santos and Jobling, 1991). Dos Santos and Jobling (1991) hypothesised that this
would also be the case for plastics, with plastics being retained in the gut after
ingestion and accumulating if repeated feeding occurs. Their study found this to be
the case, with reduced egestion of plastics with repeated feeding by cod. However,
more recent ingestion studies have found limited MP ingestion and accumulation in
fish (Hermsen et al., 2017; Liboiron et al., 2018, 2016; Jovanovic et al., 2018;
Bosshart et al., 2020). This may be due to efficient MP egestion mechanisms, with
freshwater fish able to egest MPs within hours of ingestion (Grigorakis et al., 2017,
Hoang and Felix-Kim, 2020; Roch et al., 2021), along with normal food sources
(Grigorakis et al., 2017; Roch et al., 2021). While less researched, there have been
similar findings for MFs. As with MPs, freshwater fish have been found to egest
MPFs at rates comparable to their normal food (Hou et al., 2023), with no significant
retention of MPFs, or differences in egestion between MPFs and other MP shapes
(Grigorakis et al., 2017). Therefore, MPs and MFs may not be retained longer than
normal food and may have limited impacts on the organism that ingests them.
However, even if MPs can be egested there are other mechanisms through which
they can agglomerate in organisms. For example, hydrophobic and static attractions
have been reported to cause MPs to be lodged between external appendages of live
copepods (Cole et al., 2013), and in the gills of crabs (Watts et al., 2014; Villagran et
al., 2020) and shrimp (Gray and Weinstein, 2017). MPs lodged in gills may impact
their ability to breathe and impede their normal metabolic processes (Watts et al.,

2016). Limited research has been performed investigating the egestion of NMFs.

As with ingestion, the egestion of MPs has been found to be size dependent, with
larger particles being egested more quickly than normal food, while small particles
are egested alongside normal food by Oncorhynchus mykiss (rainbow trout; Roch et
al., 2021). Less is known about the effect of MP shape on egestion (Gray and
Weinstein, 2017).

Invertebrates do not have a well-structured, ordered form of evacuation, with inedible
material being passed in the same way as other ingested material. For example,

MPs have been found to be egested within hours of ingestion by marine copepods
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(Cole et al., 2013; Powell and Berry, 1990). Invertebrates may therefore be less
prone to accumulating MPs, as they will be egested more readily and quicker than in

mammals and fish.

Many laboratory studies have explored MP and MF egestion by invertebrates;
however, these studies may not be representative of the conditions experienced by
invertebrates in the field with implications for study findings. For example, when
bivalves were exposed to higher MPF concentrations they had higher retention rates
than when exposed to lower concentrations, suggesting that these bivalves were
more able to reject and egest particles in lower MPF concentration environments
(Woods et al., 2018). This is important, as laboratory experiments often use MF
concentrations higher than those experienced in the environment, which could lead
to results that are not comparable to behaviours in the environment. Therefore,
ecotoxicology studies looking at the retention of MFs should use more
environmentally relevant concentrations to show environmentally relevant results.
Both Windsor et al., (2019), and Gusmao et al., (2016) found that
macroinvertebrates sampled from the field were able to egest MPs and MFs with no
observed physical damage caused. This suggests that at environmentally relevant

conditions and concentrations, MPs and MFs may not cause significant harm.

Evacuation methods of MFs and MPs vary depending on the shape and size of the
particles. For example, short MPFs were egested by Palaemon varians (comon ditch
shrimp) whereas longer fibres were regurgitated (Saborowski et al., 2019). Beads
were also egested, but not regurgitated (Saborowski et al., 2019). MPFs have also
been found to be retained longer than food materials and MP spheres by the
freshwater amphipod Hyalella azteca (Au et al., 2015). This may be because of the
shape of MPFs. When ingested, MPFs tend to aggregate to form fibre balls, as
shown in crabs and lobsters (Murray and Cowie, 2011; Devriese et al., 2015; Watts
et al., 2015). The formation of these fibre balls poses a risk to organisms, as they
may be more likely to form blockages and damage the Gl tract. The egestion of MPs
was not, however, found to be different between fragments, fibres and spheres for
grass shrimp, with MP size being a greater determinant of the residence time (Gray
and Weinstein, 2017). It is also interesting to note that Watts et al. (2015) found a
reduction in the size of MPFs after egestion, supporting findings that invertebrates

may be contributing to the formation of micro- and nano- plastics in the environment
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through fragmentation caused by feeding mechanisms (Mateos-Cardenas et al.,
2020; Valentine et al., 2022). The known propensity of MFs to agglomerate once
ingested, and the heterogeneous structure of MFs suggests that there is a great
potential for the ingestion of MFs in large quantities to lead to Gl blockages, and
significant harm to the organisms that ingest them. These findings underscore the
complexity of ingestion and egestion, which depends on multiple factors such as the
material composition, particle shape, size, and condition, as well as the
characteristics of the organism and its environment. Understanding this complexity is

essential for accurate assessments of the risks of MF and MP pollution.

2.6 Ecology
2.6.1 Macroinvertebrates

There is a need to focus on macroinvertebrates (invertebrates larger than 500 um;
Hauer and Resh, 2017) when looking at environmental pollutants, as many are
keystone species (Kellert, 1993). In particular, the macroinvertebrate community is a
critical food source for fish, and other predators (Baun et al., 2008), and
macroinvertebrates are important environmental regulators and providers of

ecosystem services, without whom ecosystems would collapse (Prather et al., 2013).

Macroinvertebrates are commonly used in ecotoxicology studies due to their
abundance, sensitivity to pollutants, and short lifespan, which enables the study of
pollution impacts across multiple generations. However, only recently has research
explored the ingestion and egestion of MFs, both synthetic and natural, in
macroinvertebrates. The small size of MFs makes them readily available for
ingestion by macroinvertebrates; however, there is little understanding of how
different characteristics of macroinvertebrates, such as their feeding strategy, can
impact MF ingestion. As macroinvertebrates are thought to be an important source of
MPs and MFs in higher trophic levels (Foley et al., 2018), there is a need to
understand why and how they are ingested to understand the transfer and

movement of these pollutants through the aquatic system.

The extent to which MPs and MFs are ingested and retained, respectively, is
determined partly by the particle characteristics, but also the ecology of the organism
that ingests them. The ingestion and egestion of MPs and MPFs has been found to
vary between taxa (Bertoli et al., 2022; Garcia et al., 2021; McNeish et al., 2018;
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Khedre et al., 2023) Potential reasons for this variation include inter- and
intraspecific differences in structure and size of the Gl tract (Jabeen et al., 2017,
Hoang and Felix-Kim, 2020; MCNeish et al., 2018; Roch Continue et al., 2021),
feeding mechanisms (Chaumot et al., 2015; Bour et al., 2018), and the capability to
detect and avoid ingesting inedible participates (Khedre et al., 2023).For example,
the ingestion of polystyrene beads by marine zooplankton varied between species,
their life-stage, and MP size (Cole et al., 2013), and the ingestion of MPs by marine
zooplankton was found to vary with MP shape (Botterell et al., 2020). While research
has been performed on a variety of taxa from a range of functional feeding groups
(FFGSs), few directly compare FFGs and differences in ingestion.

2.6.2 Water turbidity

Water turbidity, primarily caused by suspended particulate matter, can influence the
feeding behaviour of a range of aquatic invertebrates, but has the most significant
effect on filter feeders who filter food from the water column. Many filter feeders rely
on particle concentration and quality to regulate their feeding activity, with increased
turbidity often leading to reduced clearance rates and altered food selection
strategies (Aldridge et al. 1987; Tuttle-Raycraft and Ackerman 2019). In some cases,
prolonged exposure to elevated turbidity levels may drive morphological adaptations
in feeding structures, as seen in certain populations exhibiting interpopulation

differences in feeding appendages (Payne et al. 1995).

Despite these findings, the role of suspended solids in MF ingestion remains
unexplored. It is unclear whether high turbidity conditions enhance or inhibit MF
ingestion by aquatic invertebrates, particularly filter feeders, which may either
indiscriminately ingest particles or selectively reject non-nutritive materials. Given the
increasing prevalence of MP and MF in aquatic environments, further research is
needed to determine how suspended solids influence ingestion rates, potential
retention times, and physiological impacts on invertebrate populations.
Understanding these interactions is crucial for assessing the ecological risks

associated with microfibre pollution in natural systems.

2.6.3 The presence of biofilms

As most MP and MF ecotoxicology studies use virgin particles (Lahtiniemi et al.,

2018), the applicability of research findings to the natural environment is limited. This
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is because MPs in the environment are quickly colonised by biofilms, i.e., a
structured community of surface-associated microorganisms (Watnick and Kolter,
2000) including algae, fungi, and bacteria, embedded in a matrix of self-secreted
extracellular polymeric substances that help the community of microorganisms to
thrive (Wang, 2021). Biofilms are highly nutritious and the primary food source for
many macroinvertebrates, which suggests that biofilms on the surface of MPs and
MFs may disguise their inedibility and lead to their intentional ingestion. Biofilms
have been found to increase the ingestion of MPs by marine organisms (Powell and
Berry, 1990; Vroom et al., 2017; Hodgson et al., 2018; Weideman et al., 2020; Fabra
et al., 2021). For example, Eurytemora affinis fed on MP beads spiked with
bacterium more readily than sterile beads, and regurgitated sterile beads, whereas
bacteria-coated beads were egested in faecal pellets, suggesting that they could not

determine the inedibility beads when bacteria-coated (Powell and Berry, 1990).

Biofilms not only alter the potential for MP and MF ingestion by organisms, but also
alter the movement of these particles through the environment. Biofilms formed on
the surface of MPs and MFs alter their density, which can cause positively buoyant
particles to sink (Ye and Andrady, 1991; Lobelle and Cunliffe, 2011; Karami, 2017). It
has been suggested that the accumulation of biofilms on MPs creates a cycle
whereby a plastic accumulates a biofilm, sinks to the benthos, loses the biofilm
through grazing and lack of sunlight (Ye and Andrady, 1991; Wright et al., 2013), and
begins to refloat where the cycle begins again, exposing organisms in all areas of

the water column to the pollutant.

Studies comparing weathered and virgin MP have found more severe ecological
effects from weathered MPs (Hartmann et al. 2017; Seauront, 2018) with biofilms
enhancing their toxicity (Karami, 2017). The greater toxicity may be due to the biofilm
increasing the sorption ability of MPs, meaning that they can take up greater
amounts of pollutants from the surrounding medium (Guo et al., 2019; Guan et al,
2020; Wang et al., 2020; Wang et al., 2021). Microbial communities on MPs are also
often found to be different to those of the surrounding medium (Rosato et al., 2020;
Kirstein et al., 2016), with some species found on MPs potentially being pathogenic
(Kirstein et al. 2016). Biofilm communities also differ between polymers (Rosato et
al., 2020) and between synthetic and cellulosic MFs (Zambrano et al., 2020), which

may alter the toxicity of different MPs and MFs. As well as enhancing the toxicity of
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MPs and MFs, biofilms also present their own environmental problems. Biofilms
have been found to act as a vector for the transport of alien species (Derraik, 2002)
and pathogens (Zettler et al., 2013) and potentially increase the formation of
antibiotic-resistant genes in the environment (Wang et al., 2022). The ability for
biofilms to enhance the toxicity of MPs and MFs highlights a need for more research

investigating environmentally relevant particles.

Despite the toxicity of biofilms, it has been proposed that they may be beneficial to
the plastic pollution issue, speeding up the degradation of plastic litter when
hydrocarbon-degrading microorganisms are present (Wagner et al., 2014). However,
such microorganisms are not always present in biofilms (Lobelle and Cunliffe, 2011).
In contrast, biofilms may protect plastics from environmental factors that increase
degradation rates, e.g., obscuring debris from ultraviolet light (Barnes et al., 2009;
O’Brine and Thompson, 2010).
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3 Method

3.1 Overview

The aim and objectives were achieved through a series of laboratory experiments,
using two widespread macroinvertebrate animals as test organisms, to assess
whether and how they ingest and egest MFs. Aquaria housing individual organisms
were kept under controlled conditions to isolate the potential impact of MFs from
other drivers of animal health and behaviour. MFs were then dosed in aquaria and
the ingestion and egestion of animals compared between treatments. The duration of
exposure to MFs varied from 4 hours to 2 weeks, and MFs were exposed in clean
and turbid water, and with and without attached biofilm. The water was spiked either
with MPF or NMF so a comparison could be made between the ingestion and

retention of plastic versus natural fibres.

3.2. Invertebrate Selection and Collection
3.2.1. Gammarus pulex

G. pulex were selected as a test organism due to their extensive use in
ecotoxicology studies (Kunz et al., 2010), including research looking at the impact of
both MP and MF ingestion (Weber et al., 2018; Kratina et al., 2019; Yardy and
Callaghan, 2020; 2021). The Gammaridae family of crustaceans are commonly used
in ecotoxicology studies due to their importance in aquatic food chains, sensitivity to
pollutants, and abundance in the environment (Felten et al., 2008; Kunz et al., 2010;
Chaumot et al., 2015). G. pulex are both predators and shredders (Kelly et al.,
2002), who mainly feed on living and detrital plant material in the benthic zone of
rivers and streams across Europe and Northern Asia (Karaman and Pinkster, 1977).
As G. pulex is an important food source for other invertebrates, birds, and fish
(Gledhill et al., 1993), they can represent a key source of pollutants across trophic

webs, also contributing to their importance as a study organism.

G. pulex were collected from Tottle Brook, Nottingham (52.5610°N, -1.1134°W) for a
series of pilot experiments that were used to finalise the methodological design,
including aquaria size and experimental duration (results not presented further). For
reported experiments, G. pulex were collected from Holywell Brook, Loughborough
(52.7584°N, -1.246694°W). The location changed from pilot work because a larger
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and more accessible population was present at Holywell Brook. G. pulex were
collected by kick sampling due to its efficiency and widespread use in invertebrate
sampling (Mackey et al., 1984), using a standard square net with a 250 ym mesh. A
minimum of 40 G. pulex were collected for each experiment by targeting areas of
good G. pulex habitat, particularly slow flowing areas with leaf-litter accumulation.
Individuals greater than 5mm were chosen for both G. pulex and C. fluminea.
Specific sizes were not selected for due to unconfirmed relationships between body
size and MP ingestion by invertebrates (e.g. Hoellein et al., 2021; Weber et al., 2021,
Ritchie et al., 2025). Sex was not selected for. Once collected, G. pulex were taken
to the laboratory and placed in a 10! bucket of dechlorinated water with a pond
pump, where they were left for 24 hours to acclimatise without food (as per Yardy
and Callaghan, 2020) to allow for any fibres ingested in the environment to depurate

prior to the exposures.

3.2.2. Corbicula fluminea

C. fluminea are bivalve filter and deposit feeders, invasive to the UK, widely used in
the investigation of MP and MF ingestion (Su et al., 2018; Li et al., 2019; McCoy et
al., 2020; Li et al., 2022). Bivalves have been extensively studied in relation to
microplastics, as they typically filter-feed by pumping large volumes of water across
their feeding appendages. As such, there is potential for them to ingest large
guantities of MPs during their filter feeding activity. However, it has been argued that
bivalves may be poor biomonitors for MP pollution because of their ability to
efficiently reject non-food particles (including MP particles) as part of selective
feeding strategies (Ward et al., 2019; Weis, 2020; Woods, Stack, Fields, Shaw, &
Matrai, 2018). Additionally, field studies have shown that filter feeders may be less
exposed to microplastics than other FFGs (Bour et al., 2018). Despite this, bivalves
and other filter feeders, remain a model ecotoxicological group for MPs and MFs,

and an interesting comparator to the deposit feeding G. pulex.

C. fluminea were collected from the Great Western Canal in Loughborough
(52.763808°N, -1.183517°W). A square net was run along the submerged canal
bank, away from concrete-lined sections several times before rinsing the contents of
the net to remove sediment. C. fluminea were then identified and picked out by hand.
This was repeated along the canal until a minimum of 40 C. fluminea were collected.

Once collected, the C. fluminea were taken to the laboratory and placed in a 10l

27



bucket of dechlorinated water with a pond pump, where they were left for 24 hours to
acclimatise without food.

3.3  Fibre Preparation

Fabric swatches measuring 1 cm? were collected from a red 100% cotton t-shirt and
a green 100% polyester t-shirt. These colours were selected because they are
easily distinguishable from each other and would not be worn in the lab. Polyester
and cotton were chosen as they are the most commonly used synthetic and natural
fibres, respectively (Carmichael, 2015; Khan et al., 2020; TextileExchange, 2020).
This makes them significant for research, as their prevalence in the industry reflects
their environmental abundance. The t-shirts used were second-hand, as worn

textiles are more representative of those found in the environment.

The squares were then prepared to create reservoirs of contaminated water to be
used in the experiments. In order to maintain a similar concentration between
reservoirs, the swatches were weighed, and only swatches weighing 0.015g (+-5%)
were used. 2 squares of each fabric were carefully cut with scissors into a 500 um
sieve over a 10L bucket, one for polyester and one for cotton. A sieve was used to
prevent large clumps of fibres entering the reservoirs. 10L of dechlorinated water
was then poured through each sieve to release the fibres. The scissors were washed
after cutting each disc to prevent contamination between reservoirs. The reservoirs

were stored in a temperature chamber at 15°C prior to each experiment.

Although fibre preparation using a cryogenic microtome, as per Cole (2016), is now
commonly used in MF investigations, this method was not utilised here because this
approach could have damaged the biofilm matrix that was coating fibres in some
experimental treatments. Cryogenic microtome has also been found to produce
fibres that are not representative of those in the environment, resulting in fibres of
heterogeneous lengths that are shorter on average than environmentally relevant

particles (Detree et al., 2023).

In treatments with biofilmed fibres, 4 biodegradable pyramid teabags were emptied,
cleaned and individually filled with either 4 cotton, or 4 polyester swatches. The tea
bags were then sealed with waterproof tape. On 04/07/2024 the teabags were left in

a garden pond to condition for 5 weeks. The teabags were transported to the
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laboratory on the day of the experiment in pond water, followed by the immediate
preparation of the conditioned swatches following the same protocol as the

unconditioned fibres.

For each experiment, before the contaminated water was used, the water in each

reservoir was stirred for 20 seconds to disturb any fibres that had settled.

3.3.1 Concentration of fibres

The fibre concentration in treatments was tested prior to the start of experiments by
repeating the fibre preparation process and taking 10x 100ml aliquots from the
reservoir using a glass pipette and filtering them through Whatman GF/F filters (0.7
pm, 47 mm) using vacuum filtration apparatus. Fibres were visually identified and
counted under a dissecting microscope (10 and 40x magnification).

MF concentrations were recorded to be approximately 2000/L (Table 1). Although
MF concentrations in the environment are suggested to be around 10/L (Ryan et al.,
2020; Suaria et al., 2020), higher concentrations were chosen due to the significant
variability in concentrations in different environmental compartments, for example
near WWTPs where MP concentrations in effluent have been reported ranging
between 0.2 and 6999 MP/L depending on the country and treatment processes
used (Acarer, 2023). Whilst higher than many concentrations found in rivers, the
concentration used is also lower than concentrations commonly used in similar

laboratory dosing experiments.

Table 1: Average cotton and polyester microfibre concentrations measured in the reservoirs of contaminated
water used in the mesocosm experiments.

Concentration/L
Fibre Type Cotton Polyester
Non-Biofilmed 2393 2087
Biofilmed 3150 2120

3.3.2 MF length
MF ingestion studies often use MFs that are homogenous in size and shape, which
is not representative of the heterogeneous particles found in the environment
(Phuong et al., 2016). Therefore, in this study, fibre length was not controlled for.

Instead, the length of 100 randomly chosen fibres from each reservoir was measured
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prior to the experiments and, where possible, 50 were measured after they were
ingested, to determine if study organisms preferentially ingested fibres of certain

lengths.

3.4 Mesocosm set-up and treatment conditions

Laboratory experiments were chosen to allow for the invertebrate’s environment to
be controlled, limiting the external impacts on MF ingestion to those being
investigated. Laboratory studies are useful for initial, exploratory research as they
can be repeated by others, which allows for research to be expanded in the future to

include other treatments or, in this case, macroinvertebrate taxa.

Experiments took place in 100 ml glass beakers, each housing a single animal. Prior
to experiments, the 100ml glass beakers were thoroughly cleaned with water and
dish soap. Care was taken to remove soap residue prior to each experiment, as
soap remaining in the water could harm the invertebrates by changing the properties
of the water and reducing available dissolved oxygen (Alavaisha et al., 2019). These
beakers were each filled with 80 ml of water from one of the four reservoirs, which
contained unconditioned and biofilmed polyester and cotton fibres. These beakers
were kept in a temperature chamber set a constant 14 °C for the duration of all
experiments, which is within the preferred range for G. pulex (Gledhill et al., 1993).
Beakers were exposed to a natural day/night cycle via an adjacent window for the
duration of the experiment, which took place in July 2024. Reservoirs of water were
also kept in the temperature chamber so when water changes took place, water was

of the same temperature.

3.4.1 4-hour exposure experiments

A series of experiments investigated the ingestion and egestion of MFs by
comparing the MF concentration in animals exposed to MFs for 4-hours to the
concentration in animals exposed to MFs for 4-hours (ingestion period) followed by a
24-hour egestion period. The time duration of the ingestion (4-hours) and egestion
(24-hour) periods are similar to time frames used in other microplastic (MF) studies.
In experiments, half of the individuals from each treatment group (n = 10) were
immediately sacrificed after the 4-hour ingestion period (Gray and Weinstein et al.,
2017; Saborowski et al., 2019). The remaining invertebrates (n = 10) were rinsed to

remove any loose fibres and transferred to individual beakers containing 80 mL of
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uncontaminated, dechlorinated water, where they were left for the 24-hour

depuration (i.e. egestion) period.

Depuration times for G. pulex vary between 0.5 and 48 hours depending on the food
source (Monk, 1977; Sutcliffe et al., 1981; Willoughby and Earnshaw, 1982;
Willoughby, 1983). In contrast, no specific depuration time for C. fluminea has been
identified. To accommodate this variability, a 24-hour depuration period was chosen,
as this exceeds typical food depuration times (around 8 hours, based on Monk,
1977; Sutcliffe et al., 1981; Willoughby and Earnshaw, 1982; Willoughby, 1983) and
aligns with previous studies on invertebrate egestion of microplastics (e.g., Jemec et
al., 2016; Saborowski et al., 2019).

Following the 24-hour depuration, the remaining invertebrates were sacrificed. G.
pulex were preserved in 40% methanol sucrose, while C. fluminea were frozen at -
40°C. All beakers were thoroughly washed after each experiment to avoid cross-
contamination. The animals sacrificed immediately after 4-hour exposure to MFs and
those sacrificed after a further 24-hour depuration time were dissected to assess MF

contamination, described in section 3.5.

3.4.2 Experiments with biofilmed fibres and turbid water

Further experiments were performed to assess both the potential impact of water
turbidity, and the presence of biofilms on fibres on the ingestion and retention nof
MPFs and NMFs. For the biofilmed fibres experiment, the same procedure as the
non-biofilmed fibres experiment (section 3.3.1) was followed using both G. pulex and
C. fluminea but using fibres that had been exposed to environmental conditions for 5
weeks to allow biofilm accumulation (section 3.3). Turbid water and biofilmed fibre
experiments were only conducted over a 4-hour exposure period, with long term

exposures not investigated.

To evaluate microplastic ingestion in turbid water, the experimental protocol
described in section 3.3.1. was once again followed, but with water taken from the
Great Western Canal and held in reservoirs within temperature chambers, which
provided turbid conditions. The water will also have other differences in water quality
when compared to the experimental, spiked water used in other experiments but,
given the short duration of exposure (4-hours) the impacts of other, parameters was
expected to be negligible. Turbid water experiments were only performed with C.
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fluminea, as they filter particles from the water column, which is known to be
complicated by turbidity as filter feeders adjust their feeding strategy based on the
turbidity of the water (Argente et al., 2014).

3.4.3 Accumulation Experiment

A further experiment was performed to assess whether MFs were accumulated
within organisms when exposed to MFs for longer periods. In these experiments,
animals were kept in 12x 1 L beakers for 2 weeks. The larger beakers were selected
based on a pilot study, which indicated that smaller beakers (100 mL) displaced
water when pond pumps were used to oxygenate water and caused overly forceful
aeration which, in some cases, caused stress and mortality to animals. In larger
beakers, aeration was more appropriate and less aggressive, and the airstream
generated from pumps more spatially discrete and taking up a smaller proportion of

the beaker volume.

Each beaker was fitted with a pond air pump connected to an air stone to ensure the
pump remained submerged, prevent the pumping of large bubbles, and also
dissuaded G. pulex from attempting to swim into the air tube. Additionally, two
mineral gravel grains were placed in each beaker to provide shelter, disrupt water
flow, and reduce stress caused by aeration (Karami, 2017). The 12 beakers were
filled with 800 mL of contaminated water, half containing non-biofilmed cotton and
the other half non-biofilmed polyester. Ten G. pulex or C. fluminea were added to

each beaker.

The water in each beaker was changed every 3 days. After 7 days, 20 G. pulex and
20 C. fluminea (half from each treatment) were sacrificed, while another 20 from
each group were transferred to uncontaminated water for a 24-hour depuration

period before being sacrificed, following the protocol detailed in section 3.5.2.

3.5 Sample Processing

Although digestion techniques are commonly employed in MP research, they were
avoided in this study due to concerns that chemicals like hydrogen peroxide could
alter or damage the micropatrticles, particularly NMFs (Nuelle et al., 2014). Instead,

invertebrates were dissected and MFs removed for analysis.

3.5.1 Gammarus pulex
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In the laboratory, G. pulex were rinsed thoroughly to remove any loose MFs and
those caught between their legs and other appendages before being placed into a
clean petri dish for further examination. Each individual was dissected under a stereo
microscope at magnifications between 10 and 40x to expose the contents of the
digestive tract. It was found that fibres were often intertwined with each other and
other ingested materials (figure 1). In order to count fibres in intestinal tracts, these
clumps of material requiring careful manipulation to separate out the individual fibres
and separate them out across filter papers to reduce the risk of fibre underestimation
(Haap et al., 2019). The samples were then filtered using Whatman GF/F filters (0.7
pm, 47 mm) in a vacuum filtration system, and the fibres were subsequently counted

under the microscope.
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Figure 1: Red cotton fibres in the Gl tract of G. pulex

3.5.2 Corbicula fluminea

The same preparation procedure was applied to C. fluminea, although the larger size
of these organisms meant that the filtration process had to be adjusted. C. fluminea
were dissected, and the contents of their Gl tract were released before the dissected
clam was poured into a 200ml beaker, which was topped off to 200 ml with deionised
water. Aliquots of 20 ml were extracted using a graduated pipette and processed
through the vacuum filtration system, with fibres counted for each aliquot. To assess

whether two aliquots were sufficient to estimate the total number of fibres ingested,
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the fibre counts from the first 40 ml were used to predict the fibre content of the
entire 200 ml sample.

3.6 Contamination Control

Contamination from aerial deposition can impact MP, and particularly MF, research.
During experiments, all beakers and water reservoirs were in sealed temperature
chambers, limiting the potential for aerial deposition of MPs meaningfully altering the

concentrations in beakers.

To limit sample contamination during the processing of invertebrate samples, all
samples remained in sealed sample tubes until processing, and were only exposed
during dissection, which typically took 5 minutes for each animal. For each individual,
a new petri dish was used, and the filtration apparatus was washed thoroughly
between each use. A white cotton lab coat was worn whenever handling or
processing samples, distinct from the red and green samples used in spiked

experiments.

3.7 Statistical Analysis

Data analysis was performed using IBM SPSS Statistics Version 29.0.1.0. Tests for
normality and homogeneity of variance were conducted which showed the data was
non-normal (table 2 & 3). Therefore, Kruskal-Wallis and Mann-Whitney U tests were

conducted.
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Table 2: Shapiro-Wilk test for normality. A non-significant p-value (p > 0.05) suggests that the data follow a
normal distribution.

Mormality (Shapiro-wilk)
G. pulex C. fluminea
Experiment W-value | df | sig W-value | df | sig
) Cotton 0.873 | 10 0.110 0662 | 10 <.001
Ingestion
ah Polyester 0.785 | 10 0.010 0.731| 10 < .001
our exposure
=041 EXp | cotton 0505 | 10| 0246| 0713] 10| 0.001
Egestion
Polyester 0.811 | 10 0.020 0366 10| =<.001
Cotton 0586 | 5 0.964 0.771 5 0.046
Ingestion
1 k exposure Polyester 0527 5 0.574 0.684 5 0.006
:&
s Cotton 0800 5 0.230 0.552 5 <.001
Egestion
Polyester 0598 5 0.999 0.552 5 <.001
2 K I i Cotton 0.991 5 0.985 0.881 5 0.314
week exposure ngestion
5 & Polyester 0.935 5 0.628 0.771 5 0.046
) Cotton 0521 10 0.459 0.859| 10 0.074
Ingestion
Biofilmed Fibres Polyester 0.5925 | 10 0.402 0509 | 10 <.001
Epesti Cotton 0.844 | 10 0.045 0.623| 10 <.001
estion
5 Polyester 0.863 | 10 0.084 0.650| 10 <.001
) Cotton 0.694 | 10 <.001
Ingestion
) Polyester 0781 10| =<.001
Turbid Water
. Cotton 0.802| 10 0.015
Egestion
Polyester 0.650| 10| <.001

Table 3: Levene’s test for homogeneity of variance across treatment groups. A non-significant p-value (p > 0.05)
indicates that the assumption of equal variances is met.

Homogenity of Variance (levene's Test)
Experiment G. pulex C. fluminea
Statistic df1l | df2 | sig Statistic df1l | df2 | sig

4 hours Ingestion 0.082 1 18 0.778 0.643 1 18 | 0.433
Egestion 0.885 1 18 0.359 17.455 1 18 | <.001
1 week Ingestion 0 1 8 1 0.182 1 8 0.681

Egestion 3.928 1 8 0.083 0 1 8 1

2 weeks Ingestion 3.349 1 8 0.105 0 1 8 1
Biofilmed Ingestion 18.517 1 18 <.001 6.231 1 18 | 0.022
Egestion 6.321 1 18 0.022 0.395 1 18 | 0.538
Turbid Water Ingestion 0.218 1 18 0.646
Egestion 0.13 1 18 | 0.722
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4 Results

4.1 Mortality and Microfibre Ingestion

No mortality was recorded for G. pulex or C. fluminea during the experiments.

Both cotton and polyester MFs were ingested and retained by G. pulex and C.
fluminea for all experiments. 56.25% of C. fluminea ingested no MFs and 67.14%

retained no fibres. 11.67% of G. pulex ingested no fibres and 16% retained no fibres.

4.2 Ingestion and Retention of MFs
4.2.1 Four-hour exposure

Mann-Whitney U tests showed that the retention of non-biofilmed MF by G. pulex
and C. fluminea after a 24-hour depuration period did not significantly differ from the
number ingested following a 4 hour exposure. For G. pulex, polyester (U =34.0, p =
.247), and cotton fibres (U = 64.5, p = .280, see figure 2) showed no significant
reduction. Similarly, Mann-Whitney U tests showed no significant differences in the
number of ingested and retained fibres in C. fluminea for polyester (U =55.5, p =
.684), or cotton fibres (U = 34.5, p = .247, see figure 3).

4.2.2 One week exposure

The retention of non-biofilmed MF by G. pulex and C. fluminea after a 24-hour
depuration period did not significantly differ from the number ingested following a
one-week exposure. For G. pulex, polyester (Mann-Whitney U = 21, p = 0.095) and
cotton fibres (Mann-Whitney U = 4, p = 0.095) showed no significant reduction.
Similarly, for C. fluminea, no significant difference was observed for polyester (Mann-
Whitney U = 9.5, p = 0.548) or cotton fibres (Mann-Whitney U = 10, p = 0.690). (See
Figure 3.)
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Figure 2: Number of ingested and retained cotton (A) and polyester (B) fibres by Gammarus pulex after exposure
periods of 4 hours, 1 week, and 2 weeks and a depuration time of 24 hours. Dark blue represents ingested fibres,
while light blue represents retained fibres. Outliers are indicated by open circles. The box represents the

interquartile range (IQR), the horizontal line inside the box indicates the median, whiskers extend to 1.5 times the

IQR.
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Figure 3: Number of ingested and retained cotton (A) and polyester (B) fibres by Corbicula fluminea after
exposure periods of 4 hours, 1 week, and 2 weeks and a depuration time of 24 hours. Dark blue represents
ingested fibres, while light blue represents retained fibres. The box represents the interquartile range (IQR), the
horizontal line inside the box indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated

by open circles and extreme outliers are marked with a star (*).

4.3 Comparative Ingestion: Corbicula fluminea vs. Gammarus pulex
4.3.1 Ingestion and retention of polyester fibres

Mann-Whitney U tests showed significant differences in the ingestion of non-

biofilmed polyester MFs by G. pulex compared to C. fluminea after one week of
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exposure (U = 2, p =0.032), with a greater average ingestion of MF by G. pulex
(Median = 11, n = 5) compared to C. fluminea (Median = 0, n =5, see figures 2b &
3b). Similarly, after two weeks of exposure, ingestion of non-biofilmed polyester
fibres remained significantly different (U = 1, p =0.016), with a greater average
ingestion of MF by G. pulex (Median = 32, n = 5) than C. fluminea (Median =0, n =
5, see figures 2b & 3b). No significant difference was found after a 4-hour exposure
(U =46, p =.796). There were also significant differences in the ingestion of biofilmed
fibres after a 4-hour exposure between taxa (U = 13, p =0.004), with a greater
average ingestion of polyester MF by G. pulex (Median = 5.5 n = 10) than C.
fluminea (Median = 0, n =10, see figures 2b & 3b).
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Figure 4: Number of ingested and retained cotton (A) and polyester (B) fibres by Gammarus pulex after a 4-hour
exposure to biofilmed and non-biofilmed fibres and a depuration time of 24 hours. Dark blue represents ingested
fibres, while light blue represents retained fibres. The box represents the interquartile range (IQR), the horizontal
line inside the box indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated by an open

circle.
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Figure 5: Number of ingested and retained cotton (A) and polyester (B) fibres by Corbicula fluminea after a 4-
hour exposure to biofilmed and non-biofilmed fibres and a depuration time of 24 hours. Dark blue represents
ingested fibres, while light blue represents retained fibres. The box represents the interquartile range (IQR), the
horizontal line inside the box indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated
by open circles and extreme outliers are marked with a star (*)

There were also significant differences in the retention of unconditioned (non-
biofilmed) polyester fibres between G. pulex and C. fluminea (Mann-Whitney U, U =
17, p =.011, figures 2b & 3b), with G. pulex retaining a greater average number of
fibres (Median = 3, n = 10) than C. fluminea (Median = 0, n = 10). After one week, of

exposure, the number of ingested unconditioned polyester MFs between animals
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remained significantly different (Mann-Whitney U, U = .000, p =.008, figures 2b &
3b); G. pulex median = 31, n = 5; C. fluminea median = 0, n = 5). Similarly, there was
a significant difference in the number of biofilmed polyester fibres ingested between
taxa after a 4 hour exposure (Mann-Whitney U, U = 17, p =.011, figure 8), with G.
pulex retaining a greater number of fibres (Median = 5 n = 10) than C. fluminea
(Median =0, n = 10).

4.3.2 Ingestion and retention of cotton fibres

Mann-Whitney U tests showed significant differences in the ingestion of cotton MFs
between G. pulex and C. fluminea for unconditioned cotton fibres and after two
weeks of exposure (U =.000, p =.008), with a greater average ingestion of MF by G.
pulex (Median = 89, n = 5) than C. fluminea (Median =5, n = 5, figures 2a and 3a).
No significant difference was found after a 4-hour exposure for unconditioned cotton
fibres (U = 45, p =.739) or after a 1 week exposure (u = 3.5, p = 0.56). For biofilmed
cotton fibres there was also a significant difference between taxa (U = 11.5, p
=0.002), with a greater average ingestion of MF by G. pulex (Median = 66.5, n = 10)
than C. fluminea (Median = 5, n = 10, figures 2a and 3a).

No significant differences were found in the number of fibres retained between taxa
for unconditioned cotton fibres after a 4 hour (Mann-Whitney U, U = 45, p = .631) or
1 week exposure (Mann-Whitney U, U = 7.5, p = .310). There was a significant
difference in the retention of biofilmed cotton fibres between G. pulex and C.
fluminea (Mann-Whitney U, U = 4.5, p < .001) with G. pulex retaining a greater
average number of fibres (Median = 34, n = 10) than C. fluminea (Median =0, n =

10, figures 2a and 3a).

4.4 Ingestion and Retention with Exposure Time

4.3.1 G. pulex ingestion and retention
The average MF ingestion by G. pulex was statistically different between exposure
times for both cotton (Kruskal-Wallis, H(2, 20) = 13.046, p = .001) and polyester
fibres (Kruskal-Wallis, H(2, 20) = 13.523, p =.001). Post hoc comparisons were
conducted using Mann-Whitney U Tests with a Bonferroni adjustment. The

difference in the ingestion of cotton fibres after a 4-hour and two week exposure was
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statistically significant (mean rank 4 hours = 6.4, mr 2 weeks = 18.0, p = .001, figures
2a and 3a ). The difference in ingestion of polyester MFs was also statistically

significant between 4 hour and 2 week exposure periods (mean rank 4 hours = 5.85,
mr 2 weeks = 17.1, p = .001, figures 2b and 3b) None of the other comparisons were

significant after the Bonferroni adjustment (table 3 & 4).

Table 4: Bonferroni-adjusted pairwise comparisons of the number of ingested cotton fibres after a 4 hour, 1 week
and 2 week exposure period.

Pairwise Comparisons

Sample 1-Sample 2 Test Statistic | Std. Error | Std. Test Statistic | Sig. Adj. Sig.2
4 hours-1 Week -4.800 3.223 -1.489 136 409

4 hours-2 Weeks -11.600 3.223 -3.599 <.001 .001

1 Week-2 Weeks -6.800 3.722 -1.827 .068 203

Table 5: Bonferroni-adjusted pairwise comparisons of the number of ingested polyester fibres after a 4 hour, 1
week and 2 week exposure period.

Pairwise Comparisons

Sample 1-Sample 2 Test Statistic | Std. Error | Std. Test Statistic | Sig. Adj. Sig.2
4 hours-1 Week -7.350 3.231 -2.275 .023 .069

4 hours-2 Weeks -11.250 3.231 -3.482 <.001 .001

1 Week-2 Weeks -3.900 3.730 -1.045 .296 .887

The average retention of MF (concentration after the exposure period and 24 hour
egestion period) by G. pulex was significantly different between the 4 hour and 1
week exposures for polyester (Mann-Whitney U, U = 49, p = .001), with a greater
average retention of fibres after 1 week (Median = 31, n = 5) than 4 hours (Median =
3, n =10, figures 2b and 3b), but was not significantly different for cotton (Mann-
Whitney U, U = 29.5, p =.594, figures 2a and 3a).

4.4.2 C. fluminea ingestion and retention

The average MF ingestion by C. fluminea was not significantly different between
exposure time for cotton (Kruskal-Wallis, H(2, 20) = .768, p = .681) or polyester
(Kruskal-Wallis, H(2, 20) = .315, p = .854). The average MF retention by C. fluminea
was also not significantly different between 4 hour and 1 week exposures for either
cotton (Mann-Whitney U, U = 15.5, p =.254) or polyester (Mann-Whitney U, U = 27.5,
p =.768).

4.5 Polyester vs Cotton MFs

4.5.1 G. pulex ingestion and retention of polyester and cotton
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Mann-Whitney U tests showed significant differences between the ingestion of
unconditioned polyester and cotton MFs after a two week exposure period (U =2, p
=0.032), with a greater average ingestion of cotton MF (Median = 89, n = 5) than
polyester (Median = 32, n = 5, figures 2 and 3) but not significant difference after a 4
hour (U = 33, p =.218), or 1 week exposure (U = 10, p = .69) to unconditioned fibres.
There was also a significant difference for biofilmed fibres after a 4h exposure period
(U =15, p =0.007), with a greater average ingestion of cotton MF (Median = 66.5, n
= 10) than polyester (Median = 5.5, n = 10, figures 2 and 3).

There was also a significant difference in the retention of unconditioned polyester
and cotton fibres for G. pulex after one week of ingestion (Mann-Whitney U, U = 24,
p = .016) with G. pulex retaining a less cotton fibres (Median = 3, n = 5) than
polyester (Median = 31, n =5, figures 2 and 3), but no significant difference in the
retention of unconditioned polyester and cotton after a 4 hour (Mann-Whitney U, U =
64, p = .315) exposure period. There was also a significant difference for biofilmed
fibres (Mann-Whitney U, U = 7.5, p <.001) with G. pulex retaining a greater average
number of cotton fibres (Median = 34, n = 10) than polyester (Median = 5, n = 10,
figures 4 and 5).

4.5.2 C. fluminea ingestion and retention of polyester and cotton

Mann-Whitney U tests showed no significant differences in the ingestion of
unconditioned polyester and cotton MFs by C. fluminea after a 4 hour (U =45, p =
.739), 1 week (U = 11.5, p = .841), or two week exposure (U = 11, p = .841, figures 2
and 3). There were also no significant differences in the retention of unconditioned
polyester and cotton fibres by C. fluminea after a 4 hour (U = 28, p = .105) or 1 week
exposure (U =12.5, p =1, figures 2 and 3). Similarly, there was no significant
difference in the ingestion (U = 27, p = .089), or retention (U = 48, p = .912), between
biofilmed cotton and polyester fibres after a 4-hour exposure period (figures 4 and 5).

4.6 Turbid and non turbid

Mann-Whitney U tests showed no significant differences in the ingestion of cotton
MFs by C. fluminea between turbid and clean water (Mann-Whitney U, U = 47.5, p =
.853) or the retention of fibres under the same conditions (Mann-Whitney U, U =

54.5, p =.739, figure 6). Similarly, there were no significant differences for polyester
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MFs between turbid and clean water (U = 45.5, p = .739 for ingestion; U = 60.5, p =
436 for retention, figure 6).
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Figure 6: Ingested and retained fibres by C. fluminea after a 4 hour exposure and 24h depuration period
respectively for clean and turbid water conditions. The box represents the interquartile range (IQR), the horizontal
line inside the box indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated by open
circles and extreme outliers are marked with a star (%)

4.7 Biofilmed vs Non-biofilmed Fibre Ingestion and Retention

4.7.1 G. pulex ingestion
Mann-Whitney U tests showed significant differences in the ingestion of MFs by G.
pulex between biofilmed and non-biofilmed polyester MFs (U = 77, p =0.043), with a
greater average ingestion of biofiimed (Median = 5.5, n = 20) than non-biofilmed
polyester fibres (Median = 1.5, n =20, figure 4b). Similar results were found for cotton
fibres (U =92, p <.0.001), with a greater average ingestion of biofiimed (Median =
66.5, n = 20) than non-biofilmed cotton fibres (Median = 3, n =20, figure 4a).

4.7.2 G. pulex retention
Mann-Whitney U tests showed significant differences in the retention of MFs by G.
pulex for biofilmed and non-biofilmed cotton MFs (U = 99.5, p <.001), with a greater
average ingestion of biofilmed (Median = 34, n = 20) than non-biofilmed cotton fibres

(Median = 1.5, n = 20, figure 4a). However, there was no significant difference in the
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retention of polyester MFs between biofilmed and non-biofilmed MFs (U = 67.5, p =
.190, figure 4b),

4.7.3 C. fluminea ingestion
Mann-Whitney U tests showed no significant differences in the ingestion of biofilmed
and non-biofilmed MFs by C. fluminea for polyester (U = 39, p = .436) or cotton
fibres (U =58, p =.579, figure 5).

4.7.4 C. fluminea retention
Mann-Whitney U tests showed no significant differences in the retention of biofilmed
and non-biofilmed MFs by C. fluminea for polyester (U = 41, p =.529), or cotton
fibres (U = 60.5, p = .436, figure 5).

4.8 Fibre Length
4.8 Fibre length between biofilmed and non-biofilmed experiments

The length of cotton fibres in the reservoirs in the biofilm experiment (Median =
324.3, n = 100) were significantly shorter than equivalents in the non-biofilmed
experiments (Median = 513.5, n = 100, figure 25 Mann-Whitney U, U = 2379.5, p <
.001, figure 7). There was no significance difference with fibre length for polyester
experiments (Mann-Whitney U, U = 5529, p = .195, figure 8).
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Figure 7: Length of non-biofilmed and biofilmed cotton fibres in the reservoirs of contaminated water used in the
mesocosm experiments. The box represents the interquartile range (IQR), the horizontal line inside the box
indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated by open circles.
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Figure 8: Length of non-biofilmed and biofilmed polyester fibres in the reservoirs of contaminated water used in
the mesocosm experiments. The box represents the interquartile range (IQR), the horizontal line inside the box
indicates the median, whiskers extend to 1.5 times the IQR. Outliers are indicated by open circles.

4.8.2 Fibre length of original, unconditioned particles compared to after
ingestion
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Mann-Whitney U tests showed no significant differences in the length of non-
biofilmed fibres in reservoirs prior to spiking in experiments, and those ingested by
G. pulex, extracted after dissection, for either cotton (U = 2012, p =.051) or
polyester (U = 2488, p =.963).

Mann-Whitney U tests showed no significant difference in the length of non-biofilmed
polyester fibres in reservoirs prior to spiking, and those ingested by C. fluminea (U =
852, p =.297). However, a significant difference was identified in the length of non-
biofilmed cotton fibres in reservoirs prior to spiking in experiment, and those ingested
by C. fluminea (U = 448, p <.001) with cotton fibres in the reservoir (Median = 513.5,
n = 100) significantly longer than those ingested (Median = 324.3, n = 20, figure 9).
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Figure 9: Lengths of cotton fibres in the non-conditioned reservoir of contaminated water used in the mesocosm
experiments, and those extracted from C. fluminea. The box represents the interquartile range (IQR), the
horizontal line inside the box indicates the median, whiskers extend to 1.5 times the IQR

4.8.3 Fibre length of original, biofilmed particles compared to after
ingestion

Mann-Whitney U tests showed no significant differences in the length of fibres in the
biofilmed reservoirs compared to those ingested by G. pulex for either cotton (U =
2276, p =.371) or polyester (U = 2488, p =.292).
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Mann-Whitney U tests showed a significant difference in the length of fibres in the
biofilmed reservoir, and those ingested by C. fluminea for polyester (U = 687.5, p =
.028) with polyester fibres in the reservoir (Median = 431.4, n = 100) significantly
longer than those ingested (Median = 310, n = 20, figure 10). No significant
difference was found for biofilmed cotton in reservoirs and after ingestion (U = 986.5,
p =.924).
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Figure 10: Length of polyester fibres in the biofilmed reservoir of contaminated water used in the mesocosm
experiments, and those extracted from C. fluminea. The box represents the interquartile range (IQR), the
horizontal line inside the box indicates the median, whiskers extend to 1.5 times the IQR.
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5 Discussion

5.1 Mortality and Microfibre Ingestion

The lack of mortality recorded for G. pulex or C. fluminea is consistent with studies
indicating that environmentally relevant concentrations of MPs do not typically cause

mortality in G. pulex (Weber et al., 2018).

5.2. Ingestion and Retention of MFs

The lack of significant difference in the number of polyester or cotton fibres in the gut
after both a 4 hour and 1 week ingestion period followed by a 24 hour egestion
period for both G. pulex and C. fluminea (figures 2 & 3) suggests that MFs in this
experiment were not easily egested by either species. For G. pulex, this is
unexpected, as the species usually egests natural food items within 8 hours (Monk,
1977; Sutcliffe et al., 1981; Willoughby and Earnshaw, 1982). This prolonged
retention may indicate that both MPFs and NMFs persist longer than natural food in
the gut of G. pulex. Egestion times for C. fluminea are not know, however the
findings that both cotton and polyester fibres are not efficiently egested after a 24
hour depuration period conflicts with a number of studies on bivalves. For example,
marine bivalves Crassotrea virginica and M. edulis have been shown to egest the
majority of ingested MPs and MPFs after 2, and 9 hours respectively (Craig et al.,
2022; Weber et al., 2021), and the freshwater bivalve Dreissena polymorpha
egested the majority of ingested particles after 12 hours (Weber et al., 2021).

The fact that, in contrast to other bivalves, C. fluminea did not efficiently egest fibres
within the 24-hour period could suggest species-specific differences in the
processing of MFs. C. fluminea may therefore be less able to egest MFs than other
bivalves, or as limited research is available on the egestion of MFs it could be that
MFs are egested more slowly than MPs. Such prolonged retention might increase
the likelihood of physical harm, obstruction, or even translocation of MFs to other
tissues, leading to more severe physiological impacts than seen in species that expel
fibres more readily. These findings highlight the need for further research into the

mechanisms of MF retention in different species.

The results found agree with studies that have shown MPs to be retained longer in

invertebrates than vertebrate animals (e.g. Jemec et al., 2016), although this varies
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between species. For example, while Palaemon varians (shrimp) expelled fibres
within 24 hours (Saborowski et al., 2019), species like Chironomus sp. (non-biting
midge larvae) and Aeshna sp. (dragonfly larvae) retained microfibres for longer
periods (Khedre et al., 2023). These results highlight the need for understanding
species-specific ecological traits to assess the impact of MPF and NMF ingestion.

The extended retention of MPFs in comparison to typical food sources in G. pulex
may be influenced by the experimental set up, as during the depuration period G.
pulex were without food, which has been shown to increase gut passage time (Monk,
1977). This aligns with findings by Moore (1975), where gut passage time for G.
pulex ranged from 16 to 47 hours, depending on temperature when left to depurate
without food. Given that other studies, including Gray and Weinstein (2017), also
found MP residence times exceeding 24 hours, further investigation with longer
depuration periods, including those where normal food is available, is needed. This
is particularly significant given the importance of macroinvertebrate faecal pellets as
a food source for other aquatic organisms (Joyce et al., 2007), as the egestion of

MFs by macroinvertebrates could also lead to MF ingestion by other organisms.

Given the documented toxicity of these MFs (Jovanovi¢, 2017; Ziajahromi et al.,
2017; Gray and Weinstein, 2017; Hodgson, 2019; Qiao et al., 2019), and their
propensity to be ingested and retained demonstrated in this study, it is essential to
further investigate the mechanisms by which invertebrates ingest and retain them.
Understanding these processes will be key to assessing the broader ecological
impacts of MF pollution, including their movement and accumulation throughout the

environment.

5.3 Comparative Ingestion: Corbicula fluminea vs. Gammarus pulex

Significant differences were observed in the ingestion of cotton and polyester fibres
between G. pulex and C. fluminea. G. pulex ingested more polyester fibres than C.
fluminea after biofilm accumulation, and after one and two weeks of exposure (figure
4 & 5). However, after just four hours of exposure, ingestion rates were not
significantly different between the species. The same trends were seen for cotton
fibres, with G. pulex ingesting more fibres than C. fluminea in all treatments except
during the 4-hour and 1 week exposure (figure 6 & 7). The higher number of

ingested fibres by G. pulex could be attributed to their greater mobility (Redondo-
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Hasslerham et al., 2018), which enables them to encounter more particles than the
more sessile C. fluminea. It could also be related to differences in feeding strategy,
with G. pulex typically detrital feeding by sorting through deposited sediments for

organic material, in contrast to C. fluminea that typically filter-feed.

G. pulex also retained more fibres across most treatments (figures 8, 9, 10, 11),
likely due to higher ingestion rates. However, research indicates that bivalves may
be efficient in selectively ingesting particles based on size, shape, and chemical
properties (Tamburri & Zimmer-Faust, 1996; Woods et al., 2018; Ward et al., 2019).
C. fluminea ingested very few fibres across all treatments. Therefore, the reduced
retention of fibres compared to G. pulex may be due to their ability to avoid
consuming MPFs and NMFs. This may also be due to the ability of C. fluminea to
adjust its filtration rate in response to the concentration of suspended particles (Way
et al., 1990). The absence of typical food (e.g. suspended algae particles) in the
experiments likely prompted C. fluminea to conserve energy by limiting filtration.
Bivalves like C. fluminea are known to selectively ingest and egest food, with
previous research on MF ingestion by Woods et al., (2018) finding that 71% of MF in
M. edulis were observed in their pseudofeces. This ability to reject inedible particles
may have contributed to the comparatively low ingestion of both cotton and polyester
by C. fluminea. These results highlight the species-specific differences in MF
ingestion and retention between G. pulex and C. fluminea. The higher ingestion and
retention of MFs by G. pulex suggest that this species may be at greater risk of fibre
accumulation compared to C. fluminea. Understanding the ecological differences
between species is crucial in assessing the broader environmental impact of MF

pollution.

5.4 Ingestion and Retention Trends with Exposure Time

5.4.1 Gammarus pulex
Fibre ingestion by G. pulex increased significantly with longer exposure times (p =
.001), from 4 hours to 2 weeks. Figure 12 shows a trend of increased fibre ingestion
after 1 and 2 weeks of exposure, which may suggest a continuous buildup of fibres
in the organism rather than a constant ingestion rate. This also suggests that the
egestion of MFs does not occur at the same rate as egestion. Experiments with

longer duration will be important to assess whether fibre ingestion continues to
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increase with prolonged exposure. Additionally, the persistence of fibres suggests
that G. pulex do not learn to avoid these particles over time, as they continue to

ingest fibres throughout the exposure period.

The significant increase in the number of polyester fibres retained after 1 week
exposure compared to 4 hours (p = .001) in combination with no equivalent
significant difference in cotton fibre retention, suggests that unconditioned polyester
fibres are more likely to bioaccumulate than comparable natural fibres (figure 13).
These results also suggest that polyester fibres are more likely to be retained after
long exposure in comparison to cotton fibres, which are more readily egested,
potentially meaning that MPFs such as polyester represent a greater threat to G.

pulex.

Although not investigated here, the presence of a biofilm will likely impact the
ingestion of MFs over a long exposure period. This is particularly true given the
significant differences in the ingestion and retention of biofilmed fibres by G. pulex.
Therefore, further research should consider the combined effect of the presence of a
biofilm and long exposure periods on the ingestion and retention of MPFs and NMFs,

particularly given the environmental relevance of this scenario.

5.4.2 Corbicula fluminea

In contrast to G. pulex, C. fluminea did not show significant differences in fibre
ingestion or retention after one or two weeks of exposure. Similar results have been
found for another freshwater bivalve, Mytilus edulis (blue mussel), which show no
MP bioaccumulation in their tissues after 14-days of exposure (Ward et al., 2019,
cited in Ward et al., 2019b). The lack of ingestion and retention of MFs could be due
to their feeding strategy, as C. fluminea filter feed and may be more selective in
filtering out particles, as has been found for other suspension-feeding bivalves (Ward
et al., 2019b).

5.5 Comparative ingestion and retention of polyester and cotton
5.5.1 Gammarus pulex ingestion

G. pulex consistently ingested greater numbers of cotton fibres compared to
polyester fibres, with significant differences in their ingestion for biofilmed fibres (p =
.007, Figure 15), and for non-biofilmed fibres after a two-week exposure (p = .032,
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figure 14). This suggests that for G. pulex cotton fibres may be easier to ingest than
polyester, or that they are intentionally consumed. The consistently lower ingestion
of polyester may be due to G. pulex’s ability to detect chemical cues from the plastic
MFs, allowing them to avoid ingesting polyester fibres. The higher tensile strength
and longer length of polyester fibres (Skokan et al., 2020) also likely makes them
harder to break down and ingest than cotton.

Interestingly, this finding conflicts with research by Yardy and Callaghan (2021),
which showed that G. pulex ingested a greater number of synthetic MFs than cotton.
However, previous research by Yardy and Callaghan (2020) reported that G. pulex
avoided consuming plastics. These variations in findings may be due to differences
in experimental conditions, such as the presence of food, shelter or pressures, or
fibre characteristics, such as fibre length and conditioning.

Processed cotton fibres contain potentially toxic dyes and additives and are known to
persist in the environment much longer than would be expected of a sustainable
product. Combined with the greater ingestion of cotton fibres than polyester by G.
pulex, this suggests that the use of natural alternatives to plastic products may not

be a significantly better option.

5.5.2 Gammarus pulex fibre retention

Despite the higher ingestion of cotton fibres (median = 17) than polyester (median =
11), G. pulex retained more polyester fibres than cotton after one week of exposure
(p = .016), suggesting that polyester may be harder to egest than cotton. Despite
this, after a one-week ingestion period followed by a 24-hour depuration period, no
significant difference in the retention of cotton fibres was found. A similar pattern was
observed for polyester, where the number of retained fibres dropped (median
ingestion = 17 fibres, median retention = 3 fibres), but this was not statistically
significant. This suggests that there was no significant difference in the number of
fibres ingested or retained for cotton or polyester. The greater retention of polyester
fibres after a one week exposure contrasts with the finding that a significantly greater
number of cotton fibres were retained when fibres were biofilmed than polyester (p =
.001), likely caused by the significantly higher ingestion of biofilmed cotton fibres

(median = 66.5, polyester ingestion median = 5.5).
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For both C. fluminea and G. pulex the impact of other properties of the polyester and
cotton fibres used here were not considered. For example, as the colour of MPs has
been shown to have an impact on their ingestion (Rios et al., 2022), likely due to the
different chemical compositions of dyes, there is the potential that the ingestion and
retention trends found here are not entirely reflective of the fibre type and are
impacted by physiochemical properties not investigated here.

These results therefore suggest that when ingested in comparable numbers,
polyester fibres are retained for longer. However, cotton fibres are consistently
ingested in greater numbers. An understanding of the relative toxicity of fibres is
needed to assess the ecological risk of these fibres given the greater ingestion of

cotton, and longer retention of polyester.

5.5.3 Corbicula fluminea

In contrast to G. pulex, C. fluminea showed no significant differences in the ingestion
or retention of cotton and polyester fibres. Both fibre types were ingested and
retained in similarly low quantities, indicating that C. fluminea do not exhibit a
preference for either fibre type, and again suggests that C. fluminea’s selective
feeding mechanism limits fibre ingestion and retention. This finding contrasts with
research by Li et al., (2019) who found the ingestion of MPFs by C. fluminea varied
depending on the polymer. As C. fluminea are therefore suggested to uptake MPFs
depending on their chemical properties (Lie et al., 2019) a difference in the ingestion
of cotton and polyester fibres would be expected. However, the long length of fibres
used here may have impacted the ingestion of both fibre types by C. fluminea
(discussed in section 5.7.2), causing their consistently low ingestion which may

outweigh impact of the differences in chemical properties of the fibres.

5.6 Turbid and Clean Water Conditions

No significant differences in the ingestion or retention of MFs were observed by C.
fluminea between turbid and clean water conditions. This indicates that the presence
of suspended particles in the water column did not significantly impact MF ingestion
by C. fluminea. This finding contrasts with previous studies, which found that the
presence of normal food sources to increase or decrease the ingestion of

microplastics in various invertebrate species (e.g., Scherer et al., 2017). However, it
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does support the suggestion that C. fluminea are highly efficient at selectively
filtering food and avoiding non-food particulates.

These results also suggest that the use of clean water in laboratory ecotoxicology
studies of MFs may give comparable results to environmentally relevant water given
a lack of difference in the ingestion and retention of fibres. The turbidity of the water
used was not measured; therefore, further research investigating the impact of

different turbidity levels on MF ingestion should be considered.

5.7 Biofilmed vs. Clean Particles
5.7.1 Gammarus pulex

G. pulex ingested significantly greater numbers of both cotton (p < .001), and
polyester fibres (p = .043), when biofilms were present (figure 23). This was
expected, as G. pulex has a known preference for biofilm materials (Barlocher and
Kendrick, 1975; Lange et al., 2005; Bloor, 2011). As well as the attraction of G. pulex
to biofilms themselves, biofilms contain microorganisms that release chemical cues,
which can disguise the nature of plastic particles and increase the likelihood of
ingestion (Savoca et al., 2017; Vroom et al., 2017; Procter et al., 2019) particularly
by organisms such as G. pulex that can detect chemical cues. The formation of
biofilms is also likely to cause an increase in fibre settling rates (Auta et al., 2017;
Semcesen and Wells, 2021), which could make the fibres more accessible to G.

pulex, a benthic feeder.

G. pulex retained a significantly greater number of cotton fibres when biofilmed (p <
.001); however, this is likely caused by their significantly higher ingestion rate in
comparison to non-biofilmed equivalents (discussed in section 5.5.1). This was not
the case for polyester, where no significant difference in retention was observed
between biofilmed and clean fibres.

The different ingestion and retention of cotton and polyester when biofilms are
present may be due to the distinct microbial communities that form on their surfaces.
Fibre morphology and hydrophobicity influence microorganism adherence, with
synthetic polymers like polyester being less colonized than natural fibres like cotton
(Harrison et al., 2018; Cuk et al., 2024; Zambrano et al., 2019; Zambrano et al.,
2020; Royer et al., 2021).
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Despite the higher average ingestion of biofilmed fibres, not all G. pulex ingested
comparable amounts of fibres, with a large range in the numbers of both polyester
and cotton fibres ingested between individuals (figure 23). This variability is likely
caused by the aggregation of fibres, which tends to occur when a biofilm is present.
Aggregation can result in pockets of high or low fibre concentrations, leading to
varied ingestion rates across individuals, even within the same exposure scenario
(Jemec et al., 2016).

These results suggest that biofilms enhance MF ingestion, particularly for cotton,
potentially mimicking the natural food sources of G. pulex and disguising chemical

cues.

5.7.2 Corbicula fluminea

In contrast to G. pulex, C. fluminea showed no significant differences in the ingestion
or retention of biofilmed versus clean fibres, regardless of whether they were cotton
or polyester. This may be due to the filter-feeding mechanism of C. fluminea, filtering
algae and other suspended particles rather than feeding directly on biofilms.
However, this contrasts with previous research where biofilming increased MP
ingestion by filter feeding oysters (Fabra et al., 2021), suggested to be caused by the
nutritional value of the biofilm disguising the toxicity of the plastic.

Unlike for G. pulex, the increased settling of biofilmed fibres may have reduced their
availability in the water column for C. fluminea to filter. However, although regarded
as filter feeders for the purpose of this study, C. fluminea can adjust their feeding
mechanism when required. Many bivalves are known to also deposit feed,
particularly during juvenility when the individual is small, to supplement filter feeding
(Cummings and Graf, 2015), including C. fluminea (Way et al., 1990; Hakenkamp et
al., 2001). During the experimental exposures, a number of C. fluminea were
observed sweeping their pedal along the bottom of the beakers, likely in an attempt
to deposit feed. However, very few particles were ingested by C. fluminea when

fibres were biofilmed, despite the potentially higher settling rate.

The disparity between the effects of biofilms on MF ingestion in G. pulex and C.
fluminea underscores the importance of species-specific investigations of MF
ingestion due to the influence of feeding mechanisms. As shredders, G. pulex feed

on biofilm-associated materials, making biofilmed fibres more similar to their natural
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food sources. In contrast, C. fluminea both filter particles from the water column and
deposit feed, yet consistently low numbers of fibres were ingested both with and
without a biofilm. These differences further highlight the complexity of MF ingestion

and retention across species and feeding strategies.

5.8 Fibre Length and Its Impact on Ingestion
5.8.1 Reservoir Fibre Length

The average fibre lengths used in this study for both biofilmed (Cotton = 320.54 um,
Polyester = 408.95 um) and non-biofilmed fibres (Cotton = 548.12 um, Polyester =
395.95 um) fit within the average sizes of MFs commonly found in the environment
(200-700 pm, Allen et al., 2019; Dris et al., 2015; Wright et al., 2020, see figures 25
& 26). Therefore, the results found here are likely to be broadly representative of the

interactions between MFs and invertebrates in the environment.

One key observation is that when biofilmed, the length of cotton fibres decreases,
with the average cotton fibre reducing in length by 227 um when a biofilm is present.
There was no comparable reduction in the length of polyester fibres. The shorter
fibre length of cotton led to a higher concentration of fibres in the biofilmed cotton
reservoir (Table 1). The mechanism for this is not known, but it is hypothesized to be
related to the physical and biological conditions in the garden pond, which could
have contributed to fibre breakdown during their residence in the environment, as
well as the characteristics of the fibres. Cotton fibres, like most natural fibres, are
staple fibres, short fibres with irregular surface structures, while polyester is a
filament fibre, a long continuous length of fibre which is often smoother and stronger
than staple fibres (Lawrence, 2015). Polyester fibres are known have as much as
twice the tenacity of cotton (Lawrence, 2015), therefore when exposed to the same

stressors, cotton fibres are more likely to break and shorten than polyester.

The ingestion of MPs by organisms is often proportional to their concentration in their
environment, with a number of invertebrates including G. pulex, Centropages typicus
(copepod), Daphnia magna (water flea), and Gammarus fossarum (freshwater
shrimp), exhibiting MP and MF ingestion proportional to concentration levels
(Scherer et al., 2017; Redondo-Hasslerham et al., 2018; Blarer & Burkhardt-Holm,
2016). C. fluminea have also been shown to ingest fibres in proportion to the

concentration in the water (Su et al., 2018; Li et al., 2019). Therefore, the higher
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concentration of cotton fibres in biofilmed treatments associated with their shorter
length and breakdown, may have made them more available for ingestion. This
effect was not observed with polyester fibres, which retained their original length
even when biofilms were present. This suggests that biofilms did not significantly
affect the structural integrity of polyester fibres. The greater availability of cotton
fibres in the water column after biofilm formation points to a higher environmental
risk of NMF ingestion, as smaller MPs and MFs are more widely available for

ingestion throughout food webs.

The consistency of length in polyester fibres highlights a critical difference between
natural and synthetic fibres. Cotton fibres fragment more easily than polyester under
mechanical stress, leading to a greater number of shorter cotton fibres. The fibre
concentration was not adjusted according to the effect of biofilm formation, as this
reflects the environmental reality, as NMFs like cotton are more prone to
fragmentation, leading to their higher concentrations in aquatic environments
compared to MPFs. The increased fragmentation and shorter length of cotton fibres
when biofilmed may also explain why greater amounts of NMFs are frequently
reported in environmental studies compared to MPFs (e.g. Dris et al., 2017; Stanton
et al., 2019).

5.8.2 Ingestion Trends in Corbicula fluminea

C. fluminea ingested significantly more short biofilmed polyester (p = .028) and non-
biofilmed cotton fibres (p < .001) than those present in the reservoirs (figure 27).
However, this pattern was not seen for biofilmed cotton or non-biofilmed polyester
fibres. Previous studies have shown that C. fluminea are more likely to ingest
polyester fibres less than 250 um in length (Li et al., 2019), with bivalves known to
reject long MFs (Ward et al., 2019). This accounts for the greater ingestion of short
fibres; however, this finding is not consistent for non-biofilmed polyester and
biofilmed cotton. This may be due to the differing retention times of fibres of different
lengths. Previous research has shown that the time for egestion of MPs by bivalves
varies depending on the size of particles, with larger MPs retained for longer (Brilliant
and MacDonald, 2000). This could therefore indicate that the non-significant results
may have been influenced by the egestion mechanisms of C. fluminea, as well as
the ingestion mechanism, as they may have retained larger fibres for longer than

short fibres, increasing the average length of fibres in the gut of C. fluminea.
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Selective particle ingestion likely explains the limited ingestion of the fibres used in
this study, many of which exceeded the upper size limit for particle filtration by C.
fluminea of 16um suggested by Way et al. (1990).. Despite this, MFs were ingested
by C. fluminea. This finding correlates with research by Jemec et al., (2016) which
found MPFs greater than the upper limit of ingestion were ingested by D. magna
therefore suggesting that MFs have the potential to be ingested regardless of the
preferred size limit of organisms who ingest them. This may be attributable to the
high length-to-width ratio of the fibres which may have allowed for ingestion when
correctly aligned, however these results suggest that MFs of the lengths used in this
study are more likely to be rejected than ingested by C. fluminea.

5.8.3 Fibre Length and Significance in Gammarus pulex

No significant difference in length was found for the fibres ingested by G. pulex
contrasting with previous research suggesting that organisms ingesting MPs and
MFs might contribute to their fragmentation (Mateos-Céardenas et al., 2020; Khedre
et al., 2023). However, the p-value of 0.051 for the difference in the length of non-
biofilmed cotton fibres ingested by G. pulex does suggest that with a greater sample
size a significant result is possible, and that this is an important avenue for future
research to pursue, and that additional research into fibre fragmentation dynamics in

aquatic ecosystems would be valuable.

This result also suggests that the greater ingestion of biofilmed particles by G. pulex
was not influenced by the length of the particles. Instead, for cotton, the greater
ingestion was likely influenced by the increased fibre concentration, while for
polyester biofilms likely disguised the chemical cues of the fibres.

6. Conclusion

The results presented here show that both NMFs and MPFs (cotton and polyester)
are ingested by the freshwater invertebrates G. pulex and C. fluminea, and that the
time taken to egests these particles may be longer than would be expected from
typical, natural foods. The ingestion and retention of MFs varies between species,
and is influenced by the fibre type and the presence of biofilms. The water turbidity

did not influence results.
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The variation between species is likely due to differences in feeding mechanisms,
which also impacted the organisms’ interaction with fibres when biofilmed. These
findings suggest that the ecological characteristics of invertebrates play a major role
in their interactions with MFs. Filter feeders, like C. fluminea, are typically considered
to be highly susceptible to MF ingestion due to their unselective feeding strategies.
However, this study suggests that these organisms are capable of selectively
rejecting MFs, thus limiting their retention and potential harmful impacts. In contrast,
deposit feeders like G. pulex appear to be at greater risk of prolonged MF retention,

as they are less capable of rejecting particles based on their characteristics.

The retention of MFs and difficulty in egesting both NMFs and MPFs could lead to
biomagnification across trophic levels, posing risks to the broader food web.
Although MPFs may be retained longer than NMFs, both fibre types have the
potential to negatively impact ecosystems through their ingestion by invertebrates.
The study highlights the need for further research on the impacts of NMFs to
enhance our understanding of their environmental risks and to ensure accurate
sustainability assessments, underscoring the ecological risks posed by both plastic
and natural MFs in freshwater environments, and contributing to the broader

discussion on environmental pollution and sustainability.

The push from the fashion industry towards increased use of NMFs such as cotton
may be misleading the consumer about the impact of the products they are buying.
This research highlights the potential risks of both MPFs and NMFs to invertebrates,
with both G. pulex and C. fluminea ingesting and retaining both types of fibres.
These risks are often overlooked due to the perception that NMFs are less harmful
and more biodegradable than plastic alternatives, which have been the central focus
of environmental concern throughout public and political discourse. Not only are
organisms likely to be directly impacted by their ingestion, but the significant burden
on water supplies to grow NMFs and the high CO2 emissions involved in their
production (Niinimaki et al., 2020) suggests that NMFs are unlikely to be more

sustainable or less harmful than MPFs.

Future studies should further investigate how fibre length, fibre type, and biofilm
formation influence the ingestion and retention of both natural and synthetic MFs

across a wider range of species. Special attention should be given to the different
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feeding strategies of invertebrates and how these influence their interactions with MF
pollutants. Longer periods of exposure may also provide insights into the capacity of
freshwater invertebrates to egest MFs, particularly given the finding of continual MF
ingestion by G. pulex over time.

63



References:

Acarer, S., 2023. Microplastics in wastewater treatment plants: sources, properties,
removal efficiency, removal mechanisms, and interactions with
pollutants. Water Science & Technology, 87(3), pp.685-710.

Agamuthu, P., 2018. Marine debris, plastics, microplastics and nano-plastics: What
next?. Waste Management & Research, 36(10), pp.869-871.

Alavaisha, E., Lyon, S.W. and Lindborg, R., 2019. Assessment of water quality
across irrigation schemes: A case study of wetland agriculture impacts in
Kilombero Valley, Tanzania. Water, 11(4), p.671.

Aldridge, D.W., Payne, B.S. and Miller, A.C., 1987. The effects of intermittent
exposure to suspended solids and turbulence on three species of freshwater
mussels. Environmental Pollution, 45(1), pp.17-28.

Aljaibachi, R. and Callaghan, A., 2018. Impact of polystyrene microplastics on
Daphnia magna mortality and reproduction in relation to food
availability. PeerJ, 6, p.e4601.

Allen, R., Jarvis, D., Sayer, S. and Mills, C., 2012. Entanglement of grey seals
Halichoerus grypus at a haul out site in Cornwall, UK. Marine pollution
bulletin, 64(12), pp.2815-2819.

Allen, S., Allen, D., Phoenix, V.R., Le Roux, G., Durantez Jiménez, P., Simonneau,
A., Binet, S. and Galop, D., 2019. Atmospheric transport and deposition of
microplastics in a remote mountain catchment. Nature Geoscience, 12(5),
pp.339-344.

Allwood, J.M., 2006. Well Dressed?: The Present and Future Sustainability of
Clothing and Textiles in the UK. University of Cambridge Institute for
Manufacturing.

Andersson, E., 2014. Micro plastics in the oceans and their effect on the marine
fauna.

Andrady, A.L. and Neal, M.A., 2009. Applications and societal benefits of plastics.
Philosophical Transactions of the Royal Society B: Biological Sciences,
364(1526), pp.1977-1984.

Andrady, A.L., 2015. Persistence of plastic litter in the oceans. Marine anthropogenic
litter, pp.57-72.

Argente, F.A.T., Cesar, S.A. and Dy, D.T., 2014. High Turbidity Affects Filtration
Rate and Pseudofaeces Production of the Mud Clam Polymesoda erosa
(Solander 1876)(Bivalvia: Corbiculidae). Biotropia, 21(2), pp.71-81.

Arruda, J.A., Marzolf, G.R. and Faulk, R.T., 1983. The role of suspended sediments
in the nutrition of zooplankton in turbid reservoirs. Ecology, 64(5), pp.1225-
1235.

Athey, S.N. and Erdle, L.M., 2022. Are we underestimating anthropogenic microfiber
pollution? A critical review of occurrence, methods, and
reporting. Environmental toxicology and chemistry, 41(4), pp.822-837.

64



Athey, S.N., Adams, J.K., Erdle, L.M., Jantunen, L.M., Helm, P.A., Finkelstein, S.A.
and Diamond, M.L., 2020. The widespread environmental footprint of indigo
denim microfibers from blue jeans. Environmental Science & Technology
Letters, 7(11), pp.840-847.

Atkins, W.R.G., Jenkins, P.G. and Warren, F.J., 1954. The suspended matter in sea
water and its seasonal changes as affecting the visual range of the Secchi
disc. Journal of the Marine Biological Association of the United
Kingdom, 33(2), pp.497-509.

Au, S.Y., Bruce, T.F., Bridges, W.C. and Klaine, S.J., 2015. Responses of Hyalella
azteca to acute and chronic microplastic exposures. Environmental toxicology
and chemistry, 34(11), pp.2564-2572.

Baker, A.-M. M., and Mead, J., 2000. Thermoplastics. in Harper, C. A. (ed.) Modern
Plastics Handbook. 1st ed. New York: McGraw-Hill.

Barlocher, F. and Kendrick, B., 1975. Assimilation efficiency of Gammarus
pseudolimnaeus (Amphipoda) feeding on fungal mycelium or autumn-shed
leaves. Oikos, pp.55-59.

Barnes, D.K., Galgani, F., Thompson, R.C. and Barlaz, M., 2009. Accumulation and
fragmentation of plastic debris in global environments. Philosophical
transactions of the royal society B: biological sciences, 364(1526), pp.1985-
1998.

Barrows, A.P.W., Cathey, S.E. and Petersen, C.W., 2018. Marine environment
microfiber contamination: Global patterns and the diversity of micropatrticle
origins. Environmental pollution, 237, pp.275-284.

Bartl, A., 2020. Textiles production and end-of-life management options. In Plastic
waste and recycling (pp. 251-279). Academic Press.

Baun, A., Hartmann, N.B., Grieger, K. and Kusk, K.O., 2008. Ecotoxicity of
engineered nanoparticles to aquatic invertebrates: a brief review and
recommendations for future toxicity testing. Ecotoxicology, 17, pp.387-395.

Beer, S., Garm, A., Huwer, B., Dierking, J. and Nielsen, T.G., 2018. No increase in
marine microplastic concentration over the last three decades—a case study
from the Baltic Sea. Science of the total environment, 621, pp.1272-1279.

Belzagui, F., Buscio, V., Gutiérrez-Bouzan, C. and Vilaseca, M., 2021. Cigarette
butts as a microfiber source with a microplastic level of concern. Science of
The Total Environment, 762, p.144165.

Bertoli, M., Pastorino, P., Lesa, D., Renzi, M., Anselmi, S., Prearo, M. and Pizzul, E.,
2022. Microplastics accumulation in functional feeding guilds and functional
habit groups of freshwater macrobenthic invertebrates: Novel insights in a
riverine ecosystem. Science of The Total Environment, 804, p.150207.

Besseling, E., Wegner, A., Foekema, E.M., Van Den Heuvel-Greve, M.J. and
Koelmans, A.A., 2013. Effects of microplastic on fithess and PCB
bioaccumulation by the lugworm Arenicola marina (L.). Environmental science
& technology, 47(1), pp.593-600.

65



Birtwistle, G., & Moore, C. M. (2007). Fashion clothing—where does it all end
up?. International Journal of Retail & Distribution Management.

Blarer, P. and Burkhardt-Holm, P., 2016. Microplastics affect assimilation efficiency
in the freshwater amphipod Gammarus fossarum. Environmental science and
pollution research, 23, pp.23522-23532.

Blettler, M.C., Abrial, E., Khan, F.R., Sivri, N. and Espinola, L.A., 2018. Freshwater
plastic pollution: Recognizing research biases and identifying knowledge
gaps. Water research, 143, pp.416-424.

Bloor, M.C., 2011. Dietary preference of Gammarus pulex and Asellus aquaticus
during a laboratory breeding programme for ecotoxicological
studies. International Journal of Zoology, 2011(1), p.294394.

Bosshart, S., Erni-Cassola, G. and Burkhardt-Holm, P., 2020. Independence of
microplastic ingestion from environmental load in the round goby (Neogobius
melanostomus) from the Rhine river using high quality
standards. Environmental Pollution, 267, p.115664.

Botterell, Z.L., Beaumont, N., Cole, M., Hopkins, F.E., Steinke, M., Thompson, R.C.
and Lindeque, P.K., 2020. Bioavailability of microplastics to marine
zooplankton: effect of shape and infochemicals. Environmental Science &
Technology, 54(19), pp.12024-12033.

Boucher, J., 2017. Primary microplastics in the oceans: a global evaluation of
sources.

Bour, A., Avio, C.G., Gorbi, S., Regoli, F. and Hylland, K., 2018. Presence of
microplastics in benthic and epibenthic organisms: Influence of habitat,
feeding mode and trophic level. Environmental Pollution, 243, pp.1217-1225.

Bowmer, T. and Kershaw, P., 2010. Proceedings of the GESAMP International
Workshop on micro-plastic particles as a vector in transporting persistent, bio-
accumulating and toxic substances in the oceans, 28-30th June 2010,
UNESCO-IOC, Paris.

Brahney, J., Hallerud, M., Heim, E., Hahnenberger, M. and Sukumaran, S., 2020.
Plastic rain in protected areas of the United States. Science, 368(6496),
pp.1257-1260.

Briain, 0.0., Mendes, A.R.M., McCarron, S., Healy, M.G. and Morrison, L., 2020.
The role of wet wipes and sanitary towels as a source of white microplastic
fibres in the marine environment. Water Research, 182, p.116021.

Brizga, J., Hubacek, K. and Feng, K., 2020. The unintended side effects of
bioplastics: carbon, land, and water footprints. One Earth, 3(1), pp.45-53.

Budimir, S., Setéla, O. and Lehtiniemi, M., 2018. Effective and easy to use extraction
method shows low numbers of microplastics in offshore planktivorous fish
from the northern Baltic Sea. Marine pollution bulletin, 127, pp.586-592.

Bukhari, M.A., Carrasco-Gallego, R. and Ponce-Cueto, E., 2018. Developing a
national programme for textiles and clothing recovery. Waste Management &
Research, 36(4), pp.321-331.

66



Burns, E.E. and Boxall, A.B., 2018. Microplastics in the aquatic environment:
Evidence for or against adverse impacts and major knowledge
gaps. Environmental toxicology and chemistry, 37(11), pp.2776-2796.

Carmichael, A., 2015. Man-made fibers continue to grow. Textile world, 165(705),
pp.20-22.

Carpenter, E.J., Anderson, S.J., Harvey, G.R., Miklas, H.P. and Peck, B.B., 1972.
Polystyrene spherules in coastal waters. Science, 178(4062), pp.749-750.

Carr, S.A., 2017. Sources and dispersive modes of micro-fibers in the environment.
Integrated environmental assessment and management, 13(3), pp.466-4609.

Carr, S.A., Liu, J. and Tesoro, A.G., 2016. Transport and fate of microplastic
particles in wastewater treatment plants. Water research, 91, pp.174-182.

Caruso, G., 2019. Microplastics as vectors of contaminants. Marine pollution bulletin,
146, pp.921-924.

Cera, A., Cesarini, G. and Scalici, M., 2020. Microplastics in freshwater: what is the
news from the world?. Diversity, 12(7), p.276.

Chan, C.K., Park, C., Chan, K.M., Mak, D.C., Fang, J.K. and Mitrano, D.M., 2021.
Microplastic fibre releases from industrial wastewater effluent: a textile wet-
processing mill in China. Environmental Chemistry, 18(3), pp.93-100.

Chaumot, A., Geffard, O., Armengaud, J. and Maltby, L., 2015. Gammarids as
reference species for freshwater monitoring. In Aquatic ecotoxicology (pp.
253-280). Academic Press.

Cole, M., 2016. A novel method for preparing microplastic fibers. Scientific
reports, 6(1), pp.1-7.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Goodhead, R., Moger, J. and
Galloway, T.S., 2013. Microplastic ingestion by zooplankton. Environmental
science & technology, 47(12), pp.6646-6655.

Cole, M., Lindeque, P., Halsband, C. and Galloway, T.S., 2011. Microplastics as
contaminants in the marine environment: a review. Marine pollution bulletin,
62(12), pp.2588-2597.

Compa M, Ventero A, Iglesias M, Deudero S. 2018. Ingestion of microplastics and
natural fibers in Sardina pilchardus (Walbaum, 1792) and Engraulis
encrasicolus (Linnaeus, 1758) along the Spanish Mediterranean coast. Mar
Poll Bull. 128:89-96.

Cotton, L., Hayward, A.S., Lant, N.J. and Blackburn, R.S., 2020. Improved garment
longevity and reduced microfibre release are important sustainability benefits
of laundering in colder and quicker washing machine cycles. Dyes and
Pigments, 177, p.108120.

Craig, C.A., Fox, D.W., Zhai, L. and Walters, L.J., 2022. In-situ microplastic egestion
efficiency of the eastern oyster Crassostrea virginica. Marine Pollution
Bulletin, 178, p.113653.

67



Cuk, N., Simongi¢, B., Fink, R. and Tomsi¢g, B., 2024. Bacterial Adhesion to Natural
and Synthetic Fibre-Forming Polymers: Influence of Material
Properties. Polymers, 16(17), p.24009.

Cummings, K.S. and Graf, D.L., 2015. Class bivalvia. In Thorp and Covich's
freshwater invertebrates (pp. 423-506). Academic Press.

Cutroneo, L., Reboa, A., Besio, G., Borgogno, F., Canesi, L., Canuto, S., Dara, M.,
Enrile, F., Forioso, 1., Greco, G. and Lenoble, V., 2020. Microplastics in
seawater: sampling strategies, laboratory methodologies, and identification
techniques applied to port environment. Environmental Science and Pollution
Research, 27, pp.8938-8952.

Danner, G.R., Chacko, J. and Brautigam, F., 2009. Voluntary ingestion of soft plastic
fishing lures affects brook trout growth in the laboratory. North American
Journal of Fisheries Management, 29(2), pp.352-360.

Dar, M.A., Dhole, N.P., Pawar, K.D., Xie, R., Shahnawaz, M., Pandit, R.S. and Sun,
J., 2022. Ecotoxic Effects of the plastic waste on marine fauna: An
overview. Impact of plastic waste on the marine biota, pp.287-300.

Davison, P. and Asch, R.G., 2011. Plastic ingestion by mesopelagic fishes in the
North Pacific Subtropical Gyre. Marine Ecology Progress Series, 432, pp.173-
180.

De Falco, F., Cocca, M., Avella, M. and Thompson, R.C., 2020. Microfiber release to
water, via laundering, and to air, via everyday use: a comparison between
polyester clothing with differing textile parameters. Environmental science &
technology, 54(6), pp.3288-3296.

de Orte, M.R., Clowez, S. and Caldeira, K., 2019. Response of bleached and
symbiotic sea anemones to plastic microfiber exposure. Environmental
Pollution, 249, pp.512-517.

De Witte B, Devriese L, Bekaert K, Hoffman S, Vandermeersch G, Cooreman K,
Robbens J. 2014. Quality assessment of the blue mussel (Mytilus edulis):
comparison between commercial and wild types. Mar Poll Bull. 85(1):146-55.

Dehaut, A., Cassone, A.L., Frere, L., Hermabessiere, L., Himber, C., Rinnert, E.,
Riviere, G., Lambert, C., Soudant, P., Huvet, A. and Duflos, G., 2016.
Microplastics in seafood: Benchmark protocol for their extraction and
characterization. Environmental pollution, 215, pp.223-233.

Derraik, J.G., 2002. The pollution of the marine environment by plastic debris: a
review. Marine pollution bulletin, 44(9), pp.842-852.

Desforges, J.P.W., Galbraith, M., Dangerfield, N. and Ross, P.S., 2014. Widespread
distribution of microplastics in subsurface seawater in the NE Pacific
Ocean. Marine pollution bulletin, 79(1-2), pp.94-99.

Détrée, C., Labbé, C., Paul-Pont, I., Prado, E., El Rakwe, M., Thomas, L., Delorme,
N., Le Goic, N. and Huvet, A., 2023. On the horns of a dilemma: Evaluation of
synthetic and natural textile microfibre effects on the physiology of the pacific
oyster Crassostrea gigas. Environmental Pollution, 331, p.121861.

68



Devriese, L.I., Van der Meulen, M.D., Maes, T., Bekaert, K., Paul-Pont, I., Frere, L.,
Robbens, J. and Vethaak, A.D., 2015. Microplastic contamination in brown
shrimp (Crangon crangon, Linnaeus 1758) from coastal waters of the
Southern North Sea and Channel area. Marine pollution bulletin, 98(1-2),
pp.179-187.

Dhir, Y.J., 2021. Hazards of fashion and textile waste: Approaches for effective
waste management. In Waste management in the fashion and textile
industries (pp. 31-58). Woodhead Publishing.

do Sul, J.A.l. and Costa, M.F., 2014. The present and future of microplastic pollution
in the marine environment. Environmental pollution, 185, pp.352-364.

Dos Santos, J. and Jobling, M., 1991. Gastric emptying in cod, Gadus morhua L.:
emptying and retention of indigestible solids. Journal of Fish Biology, 38(2),
pp.187-197.

Dris, R., Gasperi, J. and Tassin, B., 2018. Sources and fate of microplastics in urban
areas: a focus on Paris megacity. Freshwater microplastics: emerging
environmental contaminants?, pp.69-83.

Dris, R., Gasperi, J., Mirande, C., Mandin, C., Guerrouache, M., Langlois, V. and
Tassin, B., 2017. A first overview of textile fibers, including microplastics, in
indoor and outdoor environments. Environmental pollution, 221, pp.453-458.

Dris, R., Gasperi, J., Rocher, V., Saad, M., Renault, N. and Tassin, B., 2015.
Microplastic contamination in an urban area: a case study in Greater
Paris. Environmental Chemistry, 12(5), pp.592-599.

Duis, K. and Coors, A., 2016. Microplastics in the aquatic and terrestrial
environment: sources (with a specific focus on personal care products), fate
and effects. Environmental Sciences Europe, 28(1), p.2.

Dusaucy, J., Gateuille, D., Perrette, Y. and Naffrechoux, E., 2021. Microplastic
pollution of worldwide lakes. Environmental Pollution, 284, p.117075.

Edo, C., Fernandez-Alba, A.R., Vejsnees, F., van der Steen, J.J., Fernandez-Pifas,
F. and Rosal, R., 2021. Honeybees as active samplers for
microplastics. Science of The Total Environment, 767, p.144481.

Eerkes-Medrano, D., Thompson, R.C. and Aldridge, D.C., 2015. Microplastics in
freshwater systems: a review of the emerging threats, identification of
knowledge gaps and prioritisation of research needs. Water research, 75,
pp.63-82.

Ekstrom, K.M. and Salomonson, N., 2014. Reuse and recycling of clothing and
textiles—A network approach. Journal of Macromarketing, 34(3), pp.383-399.

Ellen MacArthur Foundation, World Economic Forum, McKinsey & Company. The
New Plastics Economy: Rethinking the Future of Plastics, 2016.
https://www.ellenmacarthurfoundation.org/ assets/downloads/The-New-
Plastics-Economy-Rethinking-theFuture-of-Plastics.pdf (accessed May 8,
2021).

Enders, K., Lenz, R., Stedmon, C.A. and Nielsen, T.G., 2015. Abundance, size and
polymer composition of marine microplastics= 10 um in the Atlantic Ocean

69



and their modelled vertical distribution. Marine pollution bulletin, 100(1),
pp.70-81.

Eriksen, M., Mason, S., Wilson, S., Box, C., Zellers, A., Edwards, W., Farley, H. and
Amato, S., 2013. Microplastic pollution in the surface waters of the Laurentian
Great Lakes. Marine pollution bulletin, 77(1-2), pp.177-182.

Escobar, N. and Britz, W., 2021. Metrics on the sustainability of region-specific
bioplastics production, considering global land use change
effects. Resources, Conservation and Recycling, 167, p.105345.

Fabra, M., Williams, L., Watts, J.E., Hale, M.S., Couceiro, F. and Preston, J., 2021.
The plastic Trojan horse: Biofilms increase microplastic uptake in marine filter
feeders impacting microbial transfer and organism health. Science of the total
environment, 797, p.149217.

Fadare, O.0. and Okoffo, E.D., 2020. Covid-19 face masks: a potential source of
microplastic fibers in the environment. The Science of the total
environment, 737, p.140279.

Fairtrade Foundation May 2020 Commodity briefing: Cotton |. Available at
https://www.fairtrade.org.uk/resources-library/commodity-reports/cotton-
commodity-briefing/

Fairtrade Foundation, Commodity Briefing: Cotton, 2015. Available at
https://www.fairtrade.net/library/fairtrade-and-cotton-2015

Farrant, L., Olsen, S.I. and Wangel, A., 2010. Environmental benefits from reusing
clothes. The International Journal of Life Cycle Assessment, 15, pp.726-736.

Farrell, P. and Nelson, K., 2013. Trophic level transfer of microplastic: Mytilus edulis
(L.) to Carcinus maenas (L.). Environmental pollution, 177, pp.1-3.

Felten, V., Charmantier, G., Mons, R., Geffard, A., Rousselle, P., Coquery, M.,
Garric, J. and Geffard, O., 2008. Physiological and behavioural responses of
Gammarus pulex (Crustacea: Amphipoda) exposed to cadmium. Aquatic
Toxicology, 86(3), pp.413-425.

Fergusson, W.C. and Staudinger, J.J.P., 1973. Plastics, Their Contribution to Society
and Considerations of Their Disposal. Hutchinson Benham Limited for the
British Plastics Federation.

Finnegan, A.M.D., Susserott, R., Gabbott, S.E. and Gouramanis, C., 2022. Man-
made natural and regenerated cellulosic fibres greatly outnumber microplastic
fibres in the atmosphere. Environmental Pollution, 310, p.119808.

Foekema, E.M., De Gruijter, C., Mergia, M.T., van Franeker, J.A., Murk, A.J. and
Koelmans, A.A., 2013. Plastic in north sea fish. Environmental science &
technology, 47(15), pp.8818-8824.

Foley, C.J., Feiner, Z.S., Malinich, T.D. and H66k, T.O., 2018. A meta-analysis of the
effects of exposure to microplastics on fish and aquatic invertebrates. Science
of the total environment, 631, pp.550-559.

Foskolos, I., Alexiadou, P., Koutouzi, N., Frey, S., Thompson, K.F., Boisseau, O. and
Frantzis, A., 2023. Insights into the distribution and ingestion of prey-like

70


https://www.fairtrade.org.uk/resources-library/commodity-reports/cotton-commodity-briefing/
https://www.fairtrade.org.uk/resources-library/commodity-reports/cotton-commodity-briefing/
https://www.fairtrade.net/library/fairtrade-and-cotton-2015

plastic fishing lures in Mediterranean rough-toothed dolphins. Marine Pollution
Bulletin, 188, p.114701.

Frank, Y., Ershova, A., Batasheva, S., Vorobiev, E., Rakhmatullina, S., Vorobiev, D.
and Fakhrullin, R., 2022. Microplastics in freshwater: A focus on the Russian
inland waters. Water, 14(23), p.39009.

Free, C.M., Jensen, O.P., Mason, S.A., Eriksen, M., Williamson, N.J. and Boldgiv,
B., 2014. High-levels of microplastic pollution in a large, remote, mountain
lake. Marine pollution bulletin, 85(1), pp.156-163.

Frias, J. P., & Nash, R. (2019). Microplastics: Finding a consensus on the
definition. Marine pollution bulletin, 138, 145-147.

Gad, S.E., (2014). Polymers. In: Wexler, P. (Ed.), Encyclopedia of Toxicology (Third
Edition). Academic Press, Oxford, pp. 1045-1050.

Gago, J., Carretero, O., Filgueiras, A.V. and Vifas, L., 2018. Synthetic microfibers in
the marine environment: A review on their occurrence in seawater and
sediments. Marine pollution bulletin, 127, pp.365-376.

Garcia, F., de Carvalho, A.R., Riem-Galliano, L., Tudesque, L., Albignac, M., Ter
Halle, A. and Cucherousset, J., 2021. Stable isotope insights into microplastic
contamination within freshwater food webs. Environmental science &
technology, 55(2), pp.1024-1035.

Gasperi, J., Wright, S.L., Dris, R., Collard, F., Mandin, C., Guerrouache, M.,
Langlois, V., Kelly, F.J. and Tassin, B., 2018. Microplastics in air: are we
breathing it in?. Current Opinion in Environmental Science & Health, 1, pp.1-
5.

Gaylarde, C., Baptista-Neto, J.A. and da Fonseca, E.M., 2021. Plastic microfibre
pollution: how important is clothes’ laundering?. Heliyon, 7(5).

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of all
plastics ever made. Science advances, 3(7), e1700782.

Gibb, B. C. (2019). Plastics are forever. Nature Chemistry, 11(5), 394-395.

Gledhill, T., Sutcliffe, D.W. and Williams, W.D., 1993. British freshwater Crustacea
Malacostraca: a key with ecological notes (pp. 173-pp).

Gola, D., Tyagi, P.K., Arya, A., Chauhan, N., Agarwal, M., Singh, S.K. and Gola, S.,
2021. The impact of microplastics on marine environment: A
review. Environmental Nanotechnology, Monitoring & Management, 16,
p.100552.

Gorokhova, E., 2015. Screening for microplastic particles in plankton samples: how
to integrate marine litter assessment into existing monitoring
programs?. Marine pollution bulletin, 99(1-2), pp.271-275.

Gotz, T. and Tholen, L., 2016. Stock model based bottom-up accounting for washing
machines: worldwide energy, water and greenhouse gas saving potentials
2010-2030. Tenside Surfactants Detergents, 53(5), pp.410-416.

7



Gouin, T., 2020. Toward an improved understanding of the ingestion and trophic
transfer of microplastic particles: critical review and implications for future
research. Environmental Toxicology and Chemistry, 39(6), pp.1119-1137.

Gouin, T., Avalos, J., Brunning, I., Brzuska, K., De Graaf, J., Kaumanns, J., Koning,
T., Meyberg, M., Rettinger, K., Schlatter, H. and Thomas, J., 2015. Use of
micro-plastic beads in cosmetic products in Europe and their estimated
emissions to the North Sea environment. SOFW J, 141(4), pp.40-46.

Gouin, T., Roche, N., Lohmann, R. and Hodges, G., 2011. A thermodynamic
approach for assessing the environmental exposure of chemicals absorbed to
microplastic. Environmental Science & Technology, 45(4), pp.1466-1472.

Gramentz, D., 1988. Involvement of loggerhead turtle with the plastic, metal, and
hydrocarbon pollution in the central Mediterranean. Marine Pollution
Bulletin, 19(1), pp.11-13.

Gray, A.D. and Weinstein, J.E., 2017. Size-and shape-dependent effects of
microplastic particles on adult daggerblade grass shrimp (Palaemonetes
pugio). Environmental toxicology and chemistry, 36(11), pp.3074-3080.

Gregory, M.R., 2009. Environmental implications of plastic debris in marine
settings—entanglement, ingestion, smothering, hangers-on, hitch-hiking and
alien invasions. Philosophical transactions of the royal society B: Biological
Sciences, 364(1526), pp.2013-2025.

Grigorakis, S., Mason, S.A. and Drouillard, K.G., 2017. Determination of the gut
retention of plastic microbeads and microfibers in goldfish (Carassius
auratus). Chemosphere, 169, pp.233-238.

Groh, K.J., Backhaus, T., Carney-Almroth, B., Geueke, B., Inostroza, P.A.,
Lennquist, A., Leslie, H.A., Maffini, M., Slunge, D., Trasande, L. and
Warhurst, A.M., 2019. Overview of known plastic packaging-associated
chemicals and their hazards. Science of the total environment, 651, pp.3253-
3268.

Guan, J.; Qi, K.; Wang, J.; Wang, W.; Wang, Z.; Lu, N.; Qu, J. Microplastics as an
emerging anthropogenic vector of trace metals in freshwater: significance of
biofilms and comparison with natural substrates. Water Res. 2020, 184,
116205.

Guo, X. and Wang, J., 2019. Sorption of antibiotics onto aged microplastics in
freshwater and seawater. Marine Pollution Bulletin, 149, p.110511.

Gusmao, F., Di Domenico, M., Amaral, A.C.Z., Martinez, A., Gonzalez, B.C.,
Worsaae, K., do Sul, J.A.l. and da Cunha Lana, P., 2016. In situ ingestion of
microfibres by meiofauna from sandy beaches. Environmental Pollution, 216,
pp.584-590.

Haap, J., Classen, E., Beringer, J., Mecheels, S. and Gutmann, J.S., 2019.
Microplastic fibers released by textile laundry: A new analytical approach for
the determination of fibers in effluents. Water, 11(10), p.2088.

Hahladakis, J.N., Velis, C.A., Weber, R., lacovidou, E. and Purnell, P., 2018. An
overview of chemical additives present in plastics: Migration, release, fate and

72



environmental impact during their use, disposal and recycling. Journal of
hazardous materials, 344, pp.179-199.

Haider, T.P., Volker, C., Kramm, J., Landfester, K. and Wurm, F.R., 2019. Plastics of
the future? The impact of biodegradable polymers on the environment and on
society. Angewandte Chemie International Edition, 58(1), pp.50-62.

Hakenkamp, C.C., Ribblett, S.G., Palmer, M.A., Swan, C.M., Reid, J.W. and
Goodison, M.R., 2001. The impact of an introduced bivalve (Corbicula
fluminea) on the benthos of a sandy stream. Freshwater Biology, 46(4),
pp.491-501.

Hamm, T. and Lenz, M., 2021. Negative impacts of realistic doses of spherical and
irregular microplastics emerged late during a 42 weeks-long exposure
experiment with blue mussels. Science of the Total Environment, 778,
p.146088.

Hammer, J., Kraak, M.H. and Parsons, J.R., 2012. Plastics in the marine
environment: the dark side of a modern gift. Reviews of environmental
contamination and toxicology, pp.1-44.

Hara, J., Frias, J. and Nash, R., 2020. Quantification of microplastic ingestion by the
decapod crustacean Nephrops norvegicus from Irish waters. Marine pollution
bulletin, 152, p.110905.

Harrison, J.P., Hoellein, T.J., Sapp, M., Tagg, A.S., Ju-Nam, Y. and Ojeda, J.J.,
2018. Microplastic-associated biofilms: a comparison of freshwater and
marine environments. Freshwater microplastics: emerging environmental
contaminants?, pp.181-201.

Hartmann, N.B., Rist, S., Bodin, J., Jensen, L.H., Schmidt, S.N., Mayer, P., Meibom,
A. and Baun, A., 2017. Microplastics as vectors for environmental
contaminants: Exploring sorption, desorption, and transfer to biota. Integrated
environmental assessment and management, 13(3), pp.488-493.

Hauer, F.R. and Resh, V.H., 2017. Macroinvertebrates. In Methods in Stream
Ecology, Volume 1 (pp. 297-319). Academic Press.

Hawley, J.M., 2009. Understanding and improving textile recycling: a systems
perspective. In Sustainable textiles (pp. 179-199). Woodhead Publishing.

Hengstberger, M. and Stark, M., 2009. Fibre and particle release from cigarette
filters. Contributions to Tobacco & Nicotine Research, 23(6), pp.338-358.

Hermsen, E., Pompe, R., Besseling, E. and Koelmans, A.A., 2017. Detection of low
numbers of microplastics in North Sea fish using strict quality assurance
criteria. Marine pollution bulletin, 122(1-2), pp.253-258.

Hidalgo-Ruz, V., Gutow, L., Thompson, R.C. and Thiel, M., 2012. Microplastics in the
marine environment: a review of the methods used for identification and
guantification. Environmental science & technology, 46(6), pp.3060-3075.

Hiemstra, A.F., Rambonnet, L., Gravendeel, B. and Schilthuizen, M., 2021. The
effects of COVID-19 litter on animal life. Animal Biology, 71(2), pp.215-231.

73



Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mizukawa, K., Saha, M., Kwan, C.,
Moore, C., Gray, H., Laursen, D. and Zettler, E.R., 2011. Organic
micropollutants in marine plastics debris from the open ocean and remote and
urban beaches. Marine pollution bulletin, 62(8), pp.1683-1692.

Hoang, T.C. and Felix-Kim, M., 2020. Microplastic consumption and excretion by
fathead minnows (Pimephales promelas): Influence of particles size and body
shape of fish. Science of the total environment, 704, p.135433.

Hodgson, D.J., 2018. The impacts of microplastic ingestion on marine polychaete
worms. University of Exeter (United Kingdom).

Hoellein, T., Rovegno, C., Uhrin, A.V., Johnson, E. and Herring, C., 2021.
Microplastics in invasive freshwater mussels (Dreissena sp.): spatiotemporal
variation and occurrence with chemical contaminants. Frontiers in Marine
Science, 8, p.690401.

Hou, L., McNeish, R. and Hoellein, T.J., 2023. Egestion rates of microplastic fibres in
fish scaled to in situ concentration and fish density. Freshwater Biology, 68(1),
pp.33-45.

Hou, Z. and Sket, B., 2016. A review of Gammaridae (Crustacea: Amphipoda): the
family extent, its evolutionary history, and taxonomic redefinition of
genera. Zoological Journal of the Linnean Society, 176(2), pp.323-348.

Huang, Y., He, T., Yan, M., Yang, L., Gong, H., Wang, W., Qing, X. and Wang, J.,
2021. Atmospheric transport and deposition of microplastics in a subtropical
urban environment. Journal of Hazardous Materials, 416, p.126168.

Isobe, A., Kubo, K., Tamura, Y., Nakashima, E. and Fujii, N., 2014. Selective
transport of microplastics and mesoplastics by drifting in coastal
waters. Marine pollution bulletin, 89(1-2), pp.324-330.

Jabeen, K., Su, L., Li, J., Yang, D., Tong, C., Mu, J. and Shi, H., 2017. Microplastics
and mesoplastics in fish from coastal and fresh waters of
China. Environmental pollution, 221, pp.141-149.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A.,
Narayan, R. and Law, K.L., 2015. Plastic waste inputs from land into the
ocean. science, 347(6223), pp.768-771.

Jemec, A., Horvat, P., Kunej, U., Bele, M. and Krzan, A., 2016. Uptake and effects of
microplastic textile fibers on freshwater crustacean Daphnia
magna. Environmental pollution, 219, pp.201-209.

Jovanovi¢, B., 2017. Ingestion of microplastics by fish and its potential
consequences from a physical perspective. Integrated environmental
assessment and management, 13(3), pp.510-515.

Jovanovié, B., Gokdag, K., Guven, O., Emre, Y., Whitley, E.M. and Kideys, A.E.,
2018. Virgin microplastics are not causing imminent harm to fish after dietary
exposure. Marine pollution bulletin, 130, pp.123-131.

Joyce, P., Warren, L.L. and Wotton, R.S., 2007. Faecal pellets in streams: their
binding, breakdown and utilization. Freshwater Biology, 52(10), pp.1868-
1880.

74



Kang, J.H., Kwon, O.Y., Lee, K.W., Song, Y.K. and Shim, W.J., 2015. Marine
neustonic microplastics around the southeastern coast of Korea. Marine
pollution bulletin, 96(1-2), pp.304-312.

Kanhai, L.D., 2019. Microplastic abundance, distribution and composition in the
Atlantic and Arctic oceans.

Kapp, K.J. and Miller, R.Z., 2020. Electric clothes dryers: An underestimated source
of microfiber pollution. PLoS One, 15(10), p.e0239165.

Karaman, G.S. and Pinkster, S., 1977. Freshwater Gammarus species from Europe,
North Africa and adjacent regions of Asia (Crustacea-Amphipoda). Part I.
Gammarus pilex-group and related species. Bijdragen tot de Dierkunde,
47(1), pp.1-97.

Karami, A., 2017. Gaps in aquatic toxicological studies of
microplastics. Chemosphere, 184, pp.841-848.

Karkkainen, N. and Sillanpa&, M., 2021. Quantification of different microplastic fibres
discharged from textiles in machine wash and tumble drying. Environmental
Science and Pollution Research, 28(13), pp.16253-16263.

Kaur, R. and Dua, A., 2015. 96 h LC50, behavioural alterations and histopathological
effects due to wastewater toxicity in a freshwater fish Channa
punctatus. Environmental Science and Pollution Research, 22, pp.5100-5110.

KeChi-Okafor, C., Khan, F.R., Al-Naimi, U., Béguerie, V., Bowen, L., Gallidabino,
M.D., Scott-Harden, S. and Sheridan, K.J., 2023. Prevalence and
characterisation of microfibres along the Kenyan and Tanzanian
coast. Frontiers in Ecology and Evolution, 11, p.1020919.

Kellert, S.R., 1993. Values and perceptions of invertebrates. Conservation
biology, 7(4), pp.845-855.

Kelly, D.W., Dick, J.T. and Montgomery, W.I., 2002. The functional role of
Gammarus (Crustacea, Amphipoda): shredders, predators, or
both?. Hydrobiologia, 485, pp.199-203.

Kenyon, K.W. and Kridler, E., 1969. Laysan albatrosses swallow indigestible matter.
The Auk, 86(2), pp.339-343.

Kershaw, P.J., 2015. Sources, fate and effects of microplastics in the marine
environment: a global assessment

Khan, M.A., Wahid, A., Ahmad, M., Tahir, M.T., Ahmed, M., Ahmad, S. and
Hasanuzzaman, M., 2020. World cotton production and consumption: An
overview. Cotton production and uses: Agronomy, crop protection, and
postharvest technologies, pp.1-7.

Khedre, A.M., Ramadan, S.A., Ashry, A. and Alaraby, M., 2023. Ingestion and
egestion of microplastic by aquatic insects in Egypt
wastewater. Environmental Quality Management, 33(1), pp.135-145.

Kim, D., Kim, H. and An, Y.J., 2021. Effects of synthetic and natural microfibers on
Daphnia magna—Are they dependent on microfiber type?. Aquatic
Toxicology, 240, p.105968.

75



Kirstein, 1.V., Kirmizi, S., Wichels, A., Garin-Fernandez, A., Erler, R., Léder, M. and
Gerdts, G., 2016. Dangerous hitchhikers? Evidence for potentially pathogenic
Vibrio spp. on microplastic particles. Marine environmental research, 120,

pp.1-8.

Klein, K., Hel3, S., Nungel3, S., Schulte-Oehlmann, U. and Oehimann, J., 2021.
Particle shape does not affect ingestion and egestion of microplastics by the
freshwater shrimp Neocaridina palmata. Environmental science and pollution
research, 28, pp.62246-62254.

Klemes, J.J., Fan, Y.V. and Jiang, P., 2021. Plastics: friends or foes? The circularity
and plastic waste footprint. Energy Sources, Part A: Recovery, Utilization, and
Environmental Effects, 43(13), pp.1549-1565.

Koelmans, A.A., Bakir, A., Burton, G.A. and Janssen, C.R., 2016. Microplastic as a
vector for chemicals in the aquatic environment: critical review and model-
supported reinterpretation of empirical studies. Environmental science &
technology, 50(7), pp.3315-3326.

Kooi, M., Nes, E.H.V., Scheffer, M. and Koelmans, A.A., 2017. Ups and downs in the
ocean: effects of biofouling on vertical transport of
microplastics. Environmental science & technology, 51(14), pp.7963-7971.

Kratina, P., Watts, T.J., Green, D.S., Kordas, R.L. and O'Gorman, E.J., 2019.
Interactive effects of warming and microplastics on metabolism but not
feeding rates of a key freshwater detritivore. Environmental Pollution, 255,
p.113259.

Kubania, J., 2015. How second-hand clothing donations are creating a dilemma for
Kenya. https://www.theguardian.com/world/2015/jul/06/second-hand-clothing-
donations-kenya (Retrieved on 20th June, 2024).

Kihn, S. and Van Franeker, J.A., 2020. Quantitative overview of marine debris
ingested by marine megafauna. Marine pollution bulletin, 151, p.110858.

Kihn, S., Bravo Rebolledo, E.L. and Van Franeker, J.A., 2015. Deleterious effects of
litter on marine life. Marine anthropogenic litter, pp.75-116.

Kukulka, T., Proskurowski, G., Morét-Ferguson, S., Meyer, D.W. and Law, K.L.,
2012. The effect of wind mixing on the vertical distribution of buoyant plastic
debris. Geophysical research letters, 39(7).

Kunz, P.Y., Kienle, C. and Gerhardt, A., 2010. Gammarus spp. in aquatic
ecotoxicology and water quality assessment: toward integrated multilevel
tests. Reviews of Environmental Contamination and Toxicology Volume 205,
pp.1-76.

Kurmus, H. and Mohajerani, A., 2020. The toxicity and valorization options of
cigarette butts. Waste Management, 104, pp.104-118.

La Daana, K.K., Officer, R., Lyashevska, O., Thompson, R.C. and O'Connor, I.,
2017. Microplastic abundance, distribution and composition along a latitudinal
gradient in the Atlantic Ocean. Marine pollution bulletin, 115(1-2), pp.307-314.

Ladewig, S.M., Bao, S. and Chow, A.T., 2015. Natural fibers: a missing link to
chemical pollution dispersion in aguatic environments.

76



Laitala, K., & Klepp, I. G. (2015). Age and active life of clothing. Product Lifetimes
And The Environment, 182.

Lange, H.J.D., Lirling, M., Borne, B.V.D. and Peeters, E.T., 2005. Attraction of the
amphipod Gammarus pulex to water-borne cues of food. Hydrobiologia, 544,
pp.19-25.

Law, K.L., Morét-Ferguson, S.E., Goodwin, D.S., Zettler, E.R., DeForce, E., Kukulka,
T. and Proskurowski, G., 2014. Distribution of surface plastic debris in the
eastern Pacific Ocean from an 11-year data set. Environmental science &
technology, 48(9), pp.4732-4738.

Lawrence, C., 2015. Fibre to yarn: filament yarn spinning. In Textiles and
fashion (pp. 213-253). Woodhead Publishing.

Lebreton, L.C., Van Der Zwet, J., Damsteeg, J.W., Slat, B., Andrady, A. and Reisser,
J., 2017. River plastic emissions to the world’s oceans. Nature
communications, 8(1), p.15611.

Lee, J., 2015. Economic valuation of marine litter and microplastic pollution in the
marine environment: An initial assessment of the case of the United
Kingdom. SOAS-CeFiMS: London, UK, pp.1-16.

Lehtiniemi, M., Hartikainen, S., Nakki, P., Engstrom-Ost, J., Koistinen, A. and Setala,
0., 2018. Size matters more than shape: Ingestion of primary and secondary
microplastics by small predators. Food webs, 17, p.e00097.

Levengood, J.M. and Beasley, V.R., 2007. Principles of ecotoxicology. In Veterinary
toxicology (pp. 689-708). Elsevier Ltd.

Li, H.Z., Zhu, D., Lindhardt, J.H., Lin, S.M., Ke, X. and Cui, L., 2021. Long-term
fertilization history alters effects of microplastics on soil properties, microbial
communities, and functions in diverse farmland ecosystem. Environmental
Science & Technology, 55(8), pp.4658-4668.

Li, J., Qu, X., Su, L., Zhang, W., Yang, D., Kolandhasamy, P., Li, D. and Shi, H.,
2016. Microplastics in mussels along the coastal waters of
China. Environmental pollution, 214, pp.177-184.

Li, L., Frey, M. and Browning, K.J., 2010. Biodegradability study on cotton and
polyester fabrics. Journal of Engineered Fibers and fabrics, 5(4),
p.155892501000500406.

Li, L., Su, L., Cai, H., Rochman, C.M., Li, Q., Kolandhasamy, P., Peng, J. and Shi,
H., 2019. The uptake of microfibers by freshwater Asian clams (Corbicula
fluminea) varies based upon physicochemical properties. Chemosphere, 221,
pp.107-114.

Liboiron, F., Ammendolia, J., Saturno, J., Melvin, J., Zahara, A., Richard, N. and
Liboiron, M., 2018. A zero percent plastic ingestion rate by silver hake
(Merluccius bilinearis) from the south coast of Newfoundland, Canada. Marine
pollution bulletin, 131, pp.267-275.

Liboiron, M., Liboiron, F., Wells, E., Richard, N., Zahara, A., Mather, C., Bradshaw,
H. and Murichi, J., 2016. Low plastic ingestion rate in Atlantic cod (Gadus
morhua) from Newfoundland destined for human consumption collected

77



through citizen science methods. Marine pollution bulletin, 113(1-2), pp.428-
437.

Lipej, L., Cumani, F., Acquavita, A. and Bettoso, N., 2022. Plastic impact on sharks
and rays. In Plastic pollution and marine conservation (pp. 153-185).
Academic Press.

Liu, J., Yang, Y., Ding, J., Zhu, B. and Gao, W., 2019b. Microfibers: a preliminary
discussion on their definition and sources. Environmental Science and
Pollution Research, 26, pp.29497-29501.

Liu, K., Wang, X., Fang, T., Xu, P., Zhu, L. and Li, D., 2019. Source and potential
risk assessment of suspended atmospheric microplastics in
Shanghai. Science of the total environment, 675, pp.462-471.

Liu, Z., Adams, M. and Walker, T.R., 2018. Are exports of recyclables from
developed to developing countries waste pollution transfer or part of the
global circular economy?. Resources, Conservation and Recycling, 136,
pp.22-23.

Loashy, G., 1951. The development of the synthetic fibres. Journal of the Textile
Institute Proceedings, 42(8), pp.P411-P441.

Lobelle, D. and Cunliffe, M., 2011. Early microbial biofilm formation on marine plastic
debris. Marine pollution bulletin, 62(1), pp.197-200.

Lourenco, P.M., Serra-Goncalves, C., Ferreira, J.L., Catry, T. and Granadeiro, J.P.,
2017. Plastic and other microfibers in sediments, macroinvertebrates and
shorebirds from three intertidal wetlands of southern Europe and west
Africa. Environmental pollution, 231, pp.123-133.

Lusher, A., Hollman, P. and Mendoza-Hill, J., 2017. Microplastics in fisheries and
aquaculture: status of knowledge on their occurrence and implications for
aquatic organisms and food safety. FAO.

Mackey, A.P., Cooling, D.A. and Berrie, A.D., 1984. An evaluation of sampling
strategies for qualitative surveys of macro-invertebrates in rivers, using pond
nets. Journal of Applied Ecology, pp.515-534.

Magnusson, K. and Norén, F., 2014. Screening of microplastic particles in and down-
stream a wastewater treatment plant.

Malygina, N., Mitrofanova, E., Kuryatnikova, N., Biryukov, R., Zolotov, D., Pershin, D.
and Chernykh, D., 2021. Microplastic pollution in the surface waters from plain
and mountainous lakes in Siberia, Russia. Water, 13(16), p.2287.

Markic, A., Gaertner, J.C., Gaertner-Mazouni, N. and Koelmans, A.A., 2020. Plastic
ingestion by marine fish in the wild. Critical Reviews in Environmental Science
and Technology, 50(7), pp.657-697.

Martins, I., Rodriguez, Y. and Pham, C.K., 2020. Trace elements in microplastics
stranded on beaches of remote islands in the NE Atlantic. Marine Pollution
Bulletin, 156, p.111270.

Mascarenhas, R., Santos, R. and Zeppelini, D., 2004. Plastic debris ingestion by sea
turtle in Paraiba, Brazil. Marine pollution bulletin, 49(4), pp.354-355.

78



Masud, N., Davies-Jones, A., Griffin, B. and Cable, J., 2022. Differential effects of
two prevalent environmental pollutants on host-pathogen
dynamics. Chemosphere, 295, p.133879.

Mateos-Cardenas, A., O’Halloran, J., van Pelt, F.N. and Jansen, M.A., 2020. Rapid
fragmentation of microplastics by the freshwater amphipod Gammarus
duebeni (Lillj.). Scientific reports, 10(1), p.12799.

Mateos-Cardenas, A., O'Halloran, J., van Pelt, F.N. and Jansen, M.A., 2021. Beyond
plastic microbeads—short-term feeding of cellulose and polyester microfibers
to the freshwater amphipod Gammarus duebeni. Science of the Total
Environment, 753, p.141859.

Mato, Y., Isobe, T., Takada, H., Kanehiro, H., Ohtake, C. and Kaminuma, T., 2001.
Plastic resin pellets as a transport medium for toxic chemicals in the marine
environment. Environmental science & technology, 35(2), pp.318-324.

McAllister, C.D., Parsons, T.R. and Strickland, J.D.H., 1960. Primary productivity and
fertility at station “P” in the north-east Pacific Ocean. ICES Journal of Marine
Science, 25(3), pp.240-259.

McCormick, A., Hoellein, T.J., Mason, S.A., Schluep, J. and Kelly, J.J., 2014.
Microplastic is an abundant and distinct microbial habitat in an urban
river. Environmental science & technology, 48(20), pp.11863-11871.

McCoy, K.A., Hodgson, D.J., Clark, P.F. and Morritt, D.J.E.P., 2020. The effects of
wet wipe pollution on the Asian clam, Corbicula fluminea (Mollusca: Bivalvia)
in the River Thames, London. Environmental Pollution, 264, p.114577.

McNeish, R.E., Kim, L.H., Barrett, H.A., Mason, S.A., Kelly, J.J. and Hoellein, T.J.,
2018. Microplastic in riverine fish is connected to species traits. Scientific
reports, 8(1), p.11639.

Mehra, S., Singh, M. and Chadha, P., 2021. Adverse impact of textile dyes on the
aqguatic environment as well as on human beings. Toxicol. Int, 28(2), p.165.

Miller, M.E., Hamann, M. and Kroon, F.J., 2020. Bioaccumulation and
biomagnification of microplastics in marine organisms: A review and meta-
analysis of current data. PloS one, 15(10), p.e0240792.

Miller, R.Z., Watts, A.J., Winslow, B.O., Galloway, T.S. and Barrows, A.P., 2017.
Mountains to the sea: river study of plastic and non-plastic microfiber pollution
in the northeast USA. Marine pollution bulletin, 124(1), pp.245-251.

Mishra, S., Singh, R.P., Rath, C.C. and Das, A.P., 2020. Synthetic microfibers:
source, transport and their remediation. Journal of Water Process
Engineering, 38, p.101612.

Modesto, V., llarri, M., Labecka, A.M., Ferreira-Rodriguez, N., Coughlan, N.E., Liu,
X. and Sousa, R., 2023. What we know and do not know about the invasive
Asian clam Corbicula fluminea. Hydrobiologia, pp.1-32.

Moncrieff, R. W., 1975. Man-made fibres. 6" ed. Newnes-Butterworths: London.

79



Monk, D.C., 1977. The digestion of cellulose and other dietary components, and pH
of the gut in the amphipod Gammarus pulex (L.). Freshwater Biology, 7(5),
pp.431-440.

Moore, J.W., 1975. The role of algae in the diet of Asellus aquaticus L. and
Gammarus pulex L. The Journal of animal ecology, pp.719-730.

Morét-Ferguson, S., Law, K.L., Proskurowski, G., Murphy, E.K., Peacock, E.E. and
Reddy, C.M., 2010. The size, mass, and composition of plastic debris in the
western North Atlantic Ocean. Marine pollution bulletin, 60(10), pp.1873-1878.

Moroz, |., Scapolio, L.G., Cesarino, I., Ledo, A.L. and Bonanomi, G., 2021. Toxicity
of cigarette butts and possible recycling solutions—a literature
review. Environmental Science and Pollution Research, 28, pp.10450-10473.

Moser, M.L. and Lee, D.S., 1992. A fourteen-year survey of plastic ingestion by
western North Atlantic seabirds. Colonial Waterbirds, pp.83-94.

Mossman, S.T. ed., 1997. Early plastics: perspectives, 1850-1950. London:
Leicester University Press.

Murphy, F., Ewins, C., Carbonnier, F. and Quinn, B., 2016. Wastewater treatment
works (WwTW) as a source of microplastics in the aquatic
environment. Environmental science & technology, 50(11), pp.5800-5808.

Murray, F. and Cowie, P.R., 2011. Plastic contamination in the decapod crustacean
Nephrops norvegicus (Linnaeus, 1758). Marine pollution bulletin, 62(6),
pp.1207-1217.

Mwaikambo, L., 2006. Review of the history, properties and application of plant
fibres. African Journal of Science and Technology, 7(2), p.121.

Napper, I.E. and Thompson, R.C., 2016. Release of synthetic microplastic plastic
fibres from domestic washing machines: Effects of fabric type and washing
conditions. Marine pollution bulletin, 112(1-2), pp.39-45.

Napper, I.E. and Thompson, R.C., 2019. Environmental deterioration of
biodegradable, oxo-biodegradable, compostable, and conventional plastic
carrier bags in the sea, soil, and open-air over a 3-year period. Environmental
science & technology, 53(9), pp.4775-4783.

Nichols, E.C., Lavers, J.L., Archer-Rand, S. and Bond, A.L., 2021. Assessing plastic
size distribution and quantity on a remote island in the South Pacific. Marine
Pollution Bulletin, 167, p.112366.

Nizzetto, L., Futter, M. and Langaas, S., 2016. Are agricultural soils dumps for
microplastics of urban origin?.

Norén, F., 2007. Small plastic particles in coastal Swedish waters. Kimo Sweden, 11,
pp.1-11.

Novotny, T.E., Lum, K., Smith, E., Wang, V. and Barnes, R., 2009. Cigarettes butts
and the case for an environmental policy on hazardous cigarette
waste. International journal of environmental research and public health, 6(5),
pp.1691-1705.

80



Nuelle, M.T., Dekiff, J.H., Remy, D. and Fries, E., 2014. A new analytical approach
for monitoring microplastics in marine sediments. Environmental
pollution, 184, pp.161-169.

O’Brine, T. and Thompson, R.C., 2010. Degradation of plastic carrier bags in the
marine environment. Marine pollution bulletin, 60(12), pp.2279-2283.

O'Brien, S., Okoffo, E.D., O'Brien, J.W., Ribeiro, F., Wang, X., Wright, S.L.,
Samanipour, S., Rauert, C., Toapanta, T.Y.A., Albarracin, R. and Thomas,
K.V., 2020. Airborne emissions of microplastic fibres from domestic laundry
dryers. Science of the Total Environment, 747, p.141175.

OECD 2022, Global Plastics Outlook: Economic Drivers, Environmental Impacts and
Policy Options, OECD Publishing, Paris, https://doi.org/10.1787/de747aef-en.

Ory, N.C., Gallardo, C., Lenz, M. and Thiel, M., 2018. Capture, swallowing, and
egestion of microplastics by a planktivorous juvenile fish. Environmental
pollution, 240, pp.566-573.

Palacios-Mateo, C., Van der Meer, Y. and Seide, G., 2021. Analysis of the polyester
clothing value chain to identify key intervention points for
sustainability. Environmental Sciences Europe, 33(1), p.2.

Panti, C., Baini, M., Lusher, A., Hernandez-Milan, G., Rebolledo, E.L.B., Unger, B.,
Syberg, K., Simmonds, M.P. and Fossi, M.C., 2019. Marine litter: One of the
major threats for marine mammals. Outcomes from the European Cetacean
Society workshop. Environmental pollution, 247, pp.72-79.

Pawar, P.R., Shirgaonkar, S.S. and Patil, R.B., 2016. Plastic marine debris: Sources,
distribution and impacts on coastal and ocean biodiversity. PENCIL
Publication of Biological Sciences, 3(1), pp.40-54.

Payne, B.S., Miller, A.C., Hubertz, E.D. and Lei, J., 1995. Adaptive variation in palp
and gill size of the zebra mussel (Dreissena polymorpha) and Asian clam
(Corbicula fluminea). Canadian Journal of Fisheries and Aquatic
Sciences, 52(5), pp.1130-1134.

Peng, X., Chen, G., Fan, Y., Zhu, Z., Guo, S., Zhou, J. and Tan, J., 2021. Lifetime
bioaccumulation, gender difference, tissue distribution, and parental transfer
of organophosphorus plastic additives in freshwater fish. Environmental
Pollution, 280, p.116948.

Phuong, N.N., Zalouk-Vergnoux, A., Poirier, L., Kamari, A., Chéatel, A., Mouneyrac,
C. and Lagarde, F., 2016. Is there any consistency between the microplastics
found in the field and those used in laboratory experiments?. Environmental
pollution, 211, pp.111-123.

Pierce, K.E., Harris, R.J., Larned, L.S. and Pokras, M.A., 2004. Obstruction and
starvation associated with plastic ingestion in a Northern Gannet Morus
bassanus and a Greater Shearwater Puffinus gravis. Marine Ornithology, 32,
pp.187-189.

PlasticsEurope, 2012. Plastics-The Facts 2012. An Analysis of European Plastics
Production, Demand and Waste Data. PlasticsEurope AISBL, Association of

81


https://doi.org/10.1787/de747aef-en

Plastics Manufacturers, Bruxelles, Belgium
(https://plasticseurope.org/knowledge-hub/plastics-the-facts-2012/).

Powell, M.D. and Berry, A.J., 1990. Ingestion and regurgitation of living and inert
materials by the estuarine copepod Eurytemora affinis (Poppe) and the
influence of salinity. Estuarine, Coastal and Shelf Science, 31(6), pp.763-773.

Prather, C.M., Pelini, S.L., Laws, A., Rivest, E., Woltz, M., Bloch, C.P., Del Toro, I.,
Ho, C.K., Kominoski, J., Newbold, T.S. and Parsons, S., 2013. Invertebrates,
ecosystem services and climate change. Biological Reviews, 88(2), pp.327-
348.

Procter, J., Hopkins, F.E., Fileman, E.S. and Lindeque, P.K., 2019. Smells good
enough to eat: Dimethyl sulfide (DMS) enhances copepod ingestion of
microplastics. Marine pollution bulletin, 138, pp.1-6.

Puls, J., Wilson, S.A. and Hédlter, D., 2011. Degradation of cellulose acetate-based
materials: a review. Journal of Polymers and the Environment, 19, pp.152-
165.

Qiao, R., Deng, Y., Zhang, S., Wolosker, M.B., Zhu, Q., Ren, H. and Zhang, Y.,
2019. Accumulation of different shapes of microplastics initiates intestinal
injury and gut microbiota dysbiosis in the gut of zebrafish. Chemosphere, 236,
p.124334.

Qiao, R., Deng, Y., Zhang, S., Wolosker, M.B., Zhu, Q., Ren, H. and Zhang, Y.,
2019. Accumulation of different shapes of microplastics initiates intestinal
injury and gut microbiota dysbiosis in the gut of zebrafish. Chemosphere, 236,
p.124334.

R., Jones, D.L., Li, Z., Liu, Q. and Yan, C., 2020. Behavior of microplastics and
plastic film residues in the soil environment: A critical review. Science of the
Total Environment, 703, p.134722.

Rebelein, A., Int-Veen, |., Kammann, U. and Scharsack, J.P., 2021. Microplastic
fibers—underestimated threat to aquatic organisms?. Science of the Total
Environment, 777, p.146045.

Redondo-Hasselerharm, P.E., Falahudin, D., Peeters, E.T. and Koelmans, A.A.,
2018. Microplastic effect thresholds for freshwater benthic
macroinvertebrates. Environmental science & technology, 52(4), pp.2278-
2286.

Reisser, J., Slat, B., Noble, K., Du Plessis, K., Epp, M., Proietti, M., de Sonneville, J.,
Becker, T. and Pattiaratchi, C., 2015. The vertical distribution of buoyant
plastics at sea: an observational study in the North Atlantic
Gyre. Biogeosciences, 12(4), pp.1249-1256.

Rillig, M. C. (2012). Microplastic in terrestrial ecosystems and the soil?.
Environmental Science and Technology. 46(12), 6453-6454.

Rillig, M.C., 2012. Microplastic in terrestrial ecosystems and the soil?.

Rillig, M.C., Ziersch, L. and Hempel, S., 2017. Microplastic transport in soil by
earthworms. Scientific reports, 7(1), p.1362.

82


https://plasticseurope.org/knowledge-hub/plastics-the-facts-2012/

Rios, J.M., Tesitore, G. and de Mello, F.T., 2022. Does color play a predominant role
in the intake of microplastics fragments by freshwater fish: an experimental
approach with Psalidodon eigenmanniorum. Environmental Science and
Pollution Research, 29(32), pp.49457-49464.

Rios, L.M., Jones, P.R., Moore, C. and Narayan, U.V., 2010. Quantitation of
persistent organic pollutants adsorbed on plastic debris from the Northern
Pacific Gyre's “eastern garbage patch”. Journal of Environmental Monitoring,
12(12), pp.2226-2236.

Ritchie, H. and Roser, M., 2018. Plastic pollution. Our world in data.

Ritchie, M.W., McColville, E., Mills, J., Provencher, J.F., Bertram, S. and MacMillan,
H., 2025. The disadvantage of having a big mouth: the relationship between
insect body size and microplastic ingestion. bioRxiv, pp.2025-01.

Roch, S., Ros, A.F., Friedrich, C. and Brinker, A., 2021. Microplastic evacuation in
fish is particle size-dependent. Freshwater Biology, 66(5), pp.926-935.

Rochman, C.M., 2015. The complex mixture, fate and toxicity of chemicals
associated with plastic debris in the marine environment. Marine
anthropogenic litter, pp.117-140.

Rochman, C.M., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., Athey, S.,
Huntington, A., Mcllwraith, H., Munno, K. and De Frond, H., 2019. Rethinking
microplastics as a diverse contaminant suite. Environmental toxicology and
chemistry, 38(4), pp.703-711.

Rochman, C.M., Hoh, E., Hentschel, B.T. and Kaye, S., 2013. Long-term field
measurement of sorption of organic contaminants to five types of plastic
pellets: implications for plastic marine debris. Environmental science &
technology, 47(3), pp.1646-1654.

Rochman, C.M., Hoh, E., Kurobe, T. and Teh, S.J., 2013. Ingested plastic transfers
hazardous chemicals to fish and induces hepatic stress. Scientific
reports, 3(1), pp.1-7.

Roman, L., Hardesty, B.D. and Schuyler, Q., 2022. A systematic review and risk
matrix of plastic litter impacts on aquatic wildlife: A case study of the Mekong
and Ganges River Basins. Science of the Total Environment, 843, p.156858.

Rummel, C.D., Léder, M.G., Fricke, N.F., Lang, T., Griebeler, E.M., Janke, M. and
Gerdts, G., 2016. Plastic ingestion by pelagic and demersal fish from the
North Sea and Baltic Sea. Marine pollution bulletin, 102(1), pp.134-141.

Ryan, P.G., 2019. Ingestion of plastics by marine organisms. Hazardous chemicals
associated with plastics in the marine environment, pp.235-266.

Ryan, P.G., Connell, A.D. and Gardner, B.D., 1988. Plastic ingestion and PCBs in
seabirds: is there a relationship?. Marine pollution bulletin, 19(4), pp.174-176.

Ryan, P.G., Suaria, G., Perold, V., Pierucci, A., Bornman, T.G. and Aliani, S., 2020.
Sampling microfibres at the sea surface: the effects of mesh size, sample
volume and water depth. Environmental Pollution, 258, p.113413.

83



Saborowski, R., Paulischkis, E. and Gutow, L., 2019. How to get rid of ingested
microplastic fibers? A straightforward approach of the Atlantic ditch shrimp
Palaemon varians. Environmental pollution, 254, p.113068.

Sait, S.T., Sgrensen, L., Kubowicz, S., Vike-Jonas, K., Gonzalez, S.V.,
Asimakopoulos, A.G. and Booth, A.M., 2021. Microplastic fibres from
synthetic textiles: Environmental degradation and additive chemical
content. Environmental Pollution, 268, p.115745.

Saliu, F., Veronelli, M., Raguso, C., Barana, D., Galli, P. and Lasagni, M., 2021. The
release process of microfibers: from surgical face masks into the marine
environment. Environmental Advances, 4, p.100042.

Samper, M.D., Bertomeu, D., Arrieta, M.P., Ferri, J.M. and Lépez-Martinez, J., 2018.
Interference of biodegradable plastics in the polypropylene recycling
process. Materials, 11(10), p.1886.

Savoca, M.S., Tyson, C.W., McGill, M. and Slager, C.J., 2017. Odours from marine
plastic debris induce food search behaviours in a forage fish. Proceedings of
the Royal Society B: Biological Sciences, 284(1860), p.20171000.

Scherer, C., Brennholt, N., Reifferscheid, G. and Wagner, M., 2017. Feeding type
and development drive the ingestion of microplastics by freshwater
invertebrates. Scientific reports, 7(1), p.17006.

Semcesen, P.O. and Wells, M.G., 2021. Biofilm growth on buoyant microplastics
leads to changes in settling rates: implications for microplastic retention in the
Great Lakes. Marine pollution bulletin, 170, p.112573.

Seuront, L., 2018. Microplastic leachates impair behavioural vigilance and predator
avoidance in a temperate intertidal gastropod. Biology letters, 14(11),
p.20180453.

Shaw, D.G. and Day, R.H., 1994. Colour-and form-dependent loss of plastic micro-
debris from the North Pacific Ocean. Marine Pollution Bulletin, 28(1), pp.39-
43.

Shen, M., Li, Y., Song, B., Zhou, C., Gong, J. and Zeng, G., 2021. Smoked cigarette
butts: Unignorable source for environmental microplastic fibers. Science of the
Total Environment, 791, p.148384.

Shi, W., Sun, S., Han, Y., Tang, Y., Zhou, W., Du, X. and Liu, G., 2021. Microplastics
impair olfactory-mediated behaviors of goldfish Carassius auratus. Journal of
Hazardous Materials, 409, p.125016.

Sillanp&é, M. and Sainio, P., 2017. Release of polyester and cotton fibers from
textiles in machine washings. Environmental Science and Pollution
Research, 24, pp.19313-19321.

Siracusa, V. and Blanco, I., 2020. Bio-polyethylene (Bio-PE), Bio-polypropylene (Bio-
PP) and Bio-poly (ethylene terephthalate)(Bio-PET): Recent developments in
bio-based polymers analogous to petroleum-derived ones for packaging and
engineering applications. Polymers, 12(8), p.1641.

84



Skokan, L., Tremblay, A. and Muehlethaler, C., 2020. Differential shedding: a study
of the fiber transfer mechanisms of blended cotton and polyester
textiles. Forensic science international, 308, p.110181.

Sol, D, Laca, A., Laca, A. and Diaz, M., 2021. Microplastics in wastewater and
drinking water treatment plants: occurrence and removal of
microfibres. Applied Sciences, 11(21), p.10109.

Soltani, N.S., Taylor, M.P. and Wilson, S.P., 2021. Quantification and exposure
assessment of microplastics in Australian indoor house dust. Environmental
Pollution, 283, p.117064.

Soltani, N.S., Taylor, M.P. and Wilson, S.P., 2022. International quantification of
microplastics in indoor dust: prevalence, exposure and risk
assessment. Environmental Pollution, 312, p.119957.

Sarensen, L., Groven, A.S., Hovsbakken, I.A., Del Puerto, O., Krause, D.F., Sarno,
A. and Booth, A.M., 2021. UV degradation of natural and synthetic microfibers
causes fragmentation and release of polymer degradation products and
chemical additives. Science of the Total Environment, 755, p.143170.

Stanton, T., Johnson, M., Nathanail, P., MacNaughtan, W. and Gomes, R.L., 2019.
Freshwater and airborne textile fibre populations are dominated by ‘natural’,
not microplastic, fibres. Science of the total environment, 666, pp.377-389.

Statista. (2023). Household ownership rate of major appliances in selected countries
worldwide in 2023 [Graph]. In Statista. Retrieved August 08, 2024, from
https://www.statista.com/statistics/1117972/major-appliances-ownership-
selected-countries/

Su, L., Cai, H., Kolandhasamy, P., Wu, C., Rochman, C.M. and Shi, H., 2018. Using
the Asian clam as an indicator of microplastic pollution in freshwater
ecosystems. Environmental pollution, 234, pp.347-355.

Suarez, A., Ford, E., Venditti, R., Kelley, S., Saloni, D. and Gonzalez, R., 2023. Is
sugarcane-based polyethylene a good alternative to fight climate
change?. Journal of Cleaner Production, 395, p.136432.

Suaria, G., Musso, M., Achtypi, A., Bassotto, D. and Aliani, S., 2020b. Textile fibres
in mediterranean surface waters: abundance and composition. In Proceedings
of the 2nd international conference on microplastic pollution in the
mediterranean sea (pp. 62-66). Springer International Publishing.

Sun, J., Zhu, Z.R,, Li, W.H., Yan, X., Wang, L.K., Zhang, L., Jin, J., Dai, X. and Ni,
B.J., 2021. Revisiting microplastics in landfill leachate: unnoticed tiny
microplastics and their fate in treatment works. Water Research, 190,
p.116784.

Sutcliffe, D.W., Carrick, T.R. and Willoughby, L.G., 1981. Effects of diet, body size,
age and temperature on growth rates in the amphipod Gammarus
pulex. Freshwater biology, 11(2), pp.183-214.

Talvitie, J., Heinonen, M., Paakkoénen, J.P., Vahtera, E., Mikola, A., Setéla, O. and
Vahala, R., 2015. Do wastewater treatment plants act as a potential point

85


https://www.statista.com/statistics/1117972/major-appliances-ownership-selected-countries/
https://www.statista.com/statistics/1117972/major-appliances-ownership-selected-countries/

source of microplastics? Preliminary study in the coastal Gulf of Finland,
Baltic Sea. Water Science and Technology, 72(9), pp.1495-1504.

Talvitie, J., Mikola, A., Koistinen, A. and Setéla, O., 2017. Solutions to microplastic
pollution—Removal of microplastics from wastewater effluent with advanced
wastewater treatment technologies. Water research, 123, pp.401-407.

Tamburri, M. N.; Zimmer-Faust, R. K. Suspension feeding: basic mechanisms
controlling recognition and ingestion of larvae. Limnol. Oceanogr. 1996, 41
(6), 1188-1197

Tao, D., Zhang, K., Xu, S., Lin, H., Liu, Y., Kang, J., Yim, T., Giesy, J.P. and Leung,
K.M., 2022. Microfibers released into the air from a household tumble
dryer. Environmental Science & Technology Letters, 9(2), pp.120-126.

Textile Exchange., 2020. Preferred Fiber & Materials Market Report 2020. Retrieved
from: https://textileexchange.org/knowledge-center/reports/preferred-fiber-
materials-market-report-2020/

Tosetto, L., Brown, C. and Williamson, J.E., 2016. Microplastics on beaches:
ingestion and behavioural consequences for beachhoppers. Marine
biology, 163, pp.1-13.

Treilles, R., Cayla, A., Gaspéri, J., Strich, B., Ausset, P. and Tassin, B., 2020.
Impacts of organic matter digestion protocols on synthetic, artificial and
natural raw fibers. Science of the Total Environment, 748, p.141230.

Tumwesigye, E., Nnadozie, C.F., Akamagwuna, F.C., Noundou, X.S., Nyakairu,
G.W. and Odume, O.N., 2023. Microplastics as vectors of chemical
contaminants and biological agents in freshwater ecosystems: Current
knowledge status and future perspectives. Environmental Pollution, 330,
p.121829.

Turner, S., Horton, A.A., Rose, N.L. and Hall, C., 2019. A temporal sediment record
of microplastics in an urban lake, London, UK. Journal of
Paleolimnology, 61(4), pp.449-462.

Tuttle-Raycraft, S. and Ackerman, J.D., 2019. Living the high turbidity life: The
effects of total suspended solids, flow, and gill morphology on mussel
feeding. Limnology and Oceanography, 64(6), pp.2526-2537.

UNEP, 2009. Marine Litter: A Global Challenge. Nairobi: UNEP. 232 pp.

United Nations World Water Assessment Programme (WWAP). (2018). The United
Nations World Water Development Report 2018: Nature-based Solutions for
Water. UNESCO.

Valentine, K., Cross, R., Cox, R., Woodmancy, G. and Boxall, A.B., 2022. Caddisfly
larvae are a driver of plastic litter breakdown and microplastic formation in
freshwater environments. Environmental Toxicology and Chemistry, 41(12),
pp.3058-3069.

Van Cauwenberghe, L. and Janssen, C.R., 2014. Microplastics in bivalves cultured
for human consumption. Environmental pollution, 193, pp.65-70.

86


https://textileexchange.org/knowledge-center/reports/preferred-fiber-materials-market-report-2020/
https://textileexchange.org/knowledge-center/reports/preferred-fiber-materials-market-report-2020/

Van Franeker, J.A., Blaize, C., Danielsen, J., Fairclough, K., Gollan, J., Guse, N.,
Hansen, P.L., Heubeck, M., Jensen, J.K., Le Guillou, G. and Olsen, B., 2011.
Monitoring plastic ingestion by the northern fulmar Fulmarus glacialis in the
North Sea. Environmental pollution, 159(10), pp.2609-2615.

Villagran, D.M., Truchet, D.M., Buzzi, N.S., Lopez, A.D.F. and Severini, M.D.F.,
2020. A baseline study of microplastics in the burrowing crab (Neohelice
granulata) from a temperate southwestern Atlantic estuary. Marine Pollution
Bulletin, 150, p.110686.

Voora, V., Bermudez, S., Farrell, J.J., Larrea, C. and Luna, E., 2023. Cotton prices
and sustainability. International Institute for Sustainable Development, pp.1-
37.Verla, AW., Enyoh, C.E., Verla, E.N. and Nwarnorh, K.O., 2019.
Microplastic—toxic chemical interaction: a review study on quantified levels,
mechanism and implication. SN Applied Sciences, 1(11), pp.1-30.

Vroom, R.J., Koelmans, A.A., Besseling, E. and Halsband, C., 2017. Aging of
microplastics promotes their ingestion by marine zooplankton. Environmental
pollution, 231, pp.987-996.

Wagaw, T., Getnet, M. and Flatie, D., 2024. Chemical Processing of Cotton Textiles.
In Cotton Sector Development in Ethiopia: Challenges and Opportunities (pp.
305-330). Singapore: Springer Nature Singapore.

Wagner, M. and Lambert, S., 2018. Freshwater microplastics: emerging
environmental contaminants? (p. 303). Springer Nature.

Wagner, M., Scherer, C., Alvarez-Mufioz, D., Brennholt, N., Bourrain, X., Buchinger,
S., Fries, E., Grosbois, C., Klasmeier, J., Marti, T. and Rodriguez-Mozaz, S.,
2014. Microplastics in freshwater ecosystems: what we know and what we
need to know. Environmental Sciences Europe, 26(1), pp.1-9.

Walkinshaw, C., Tolhurst, T.J., Lindeque, P.K., Thompson, R.C. and Cole, M., 2023.
Impact of polyester and cotton microfibers on growth and sublethal
biomarkers in juvenile mussels. Microplastics and Nanoplastics, 3(1), p.5.

Wang, J., Guo, X. and Xue, J., 2021. Biofilm-developed microplastics as vectors of
pollutants in aquatic environments. Environmental Science &
Technology, 55(19), pp.12780-12790.

Wang, X., Li, C., Liu, K., Zhu, L., Song, Z. and Li, D., 2020. Atmospheric microplastic
over the South China Sea and East Indian Ocean: abundance, distribution
and source. Journal of hazardous materials, 389, p.121846.

Wang, Y., Zhou, B., Chen, H., Yuan, R. and Wang, F., 2022. Distribution, biological
effects and biofilms of microplastics in freshwater systems-A
review. Chemosphere, 299, p.134370.

Wang, Y.; Wang, X.; Li, Y.; Li, J.; Wang, F.; Xia, X.; Zhao, J. Biofilm alters
tetracycline and copper adsorption behaviors onto polyethylene microplastics.
Chem. Eng. J. 2020, 392, 123808.

Ward, J. E., Zhao, S., Holohan, B. A., Mladinich, K. M., Griffin, T. W., Wozniak, J., &
Shumway, S. E. (2019a). Selective ingestion and egestion of plastic particles
by the blue mussel (Mytilus edulis) and eastern oyster (Crassostrea virginica):

87



implications for using bivalves as bioindicators of microplastic
pollution. Environmental science & technology, 53(15), 8776-8784.

Ward, J.E., Rosa, M. and Shumway, S.E., 2019. Capture, ingestion, and egestion of
microplastics by suspension-feeding bivalves: a 40-year
history. Anthropocene Coasts, 2(1), pp.39-49.

Watnick, P. and Kolter, R., 2000. Biofilm, city of microbes. Journal of
bacteriology, 182(10), pp.2675-2679.

Watts, A.J., Lewis, C., Goodhead, R.M., Beckett, S.J., Moger, J., Tyler, C.R. and
Galloway, T.S., 2014. Uptake and retention of microplastics by the shore crab
Carcinus maenas. Environmental science & technology, 48(15), pp.8823-
8830.

Watts, A.J., Urbina, M.A., Corr, S., Lewis, C. and Galloway, T.S., 2015. Ingestion of
plastic microfibers by the crab Carcinus maenas and its effect on food
consumption and energy balance. Environmental science &
technology, 49(24), pp.14597-14604.

Way, C.M., Hornbach, D.J., Miller-Way, C.A., Payne, B.S. and Miller, A.C., 1990.
Dynamics of filter feeding in Corbicula fluminea (Bivalvia:
Corbiculidae). Canadian Journal of Zoology, 68(1), pp.115-120.

Weber, A., Scherer, C., Brennholt, N., Reifferscheid, G. and Wagner, M., 2018. PET
microplastics do not negatively affect the survival, development, metabolism
and feeding activity of the freshwater invertebrate Gammarus pulex.
Environmental Pollution, 234, pp.181-189.

Weber, A., Jeckel, N., Weil, C., Umbach, S., Brennholt, N., Reifferscheid, G. and
Wagner, M., 2021. Ingestion and toxicity of polystyrene microplastics in
freshwater bivalves. Environmental toxicology and chemistry, 40(8), pp.2247-
2260.

Weideman, E.A., Munro, C., Perold, V., Omardien, A. and Ryan, P.G., 2020.
Ingestion of plastic litter by the sandy anemone Bunodactis
reynaudi. Environmental Pollution, 267, p.115543.

Welden, N.A. and Cowie, P.R., 2016. Long-term microplastic retention causes
reduced body condition in the langoustine, Nephrops
norvegicus. Environmental pollution, 218, pp.895-900.

Welsh, B., Aherne, J., Paterson, A.M., Yao, H. and McConnell, C., 2022.
Atmospheric deposition of anthropogenic particles and microplastics in south-
central Ontario, Canada. Science of the Total Environment, 835, p.155426.

Wilcox, C., Puckridge, M., Schuyler, Q.A., Townsend, K. and Hardesty, B.D., 2018. A
guantitative analysis linking sea turtle mortality and plastic debris ingestion.
Scientific reports, 8(1), p.12536.

Willoughby, L.G. and Earnshaw, R., 1982. Gut passage times in Gammarus pulex
(Crustacea, Amphipoda) and aspects of summer feeding in a stony
stream. Hydrobiologia, 97, pp.105-117.

88



Willoughby, L.G., 1983. Feeding behaviour of Gammarus pulex (L.)(Amphipoda) on
Nitella. Crustaceana, pp.245-250.

Windsor, F.M., Tilley, R.M., Tyler, C.R. and Ormerod, S.J., 2019. Microplastic
ingestion by riverine macroinvertebrates. Science of the total
environment, 646, pp.68-74.

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L., Coppock, R., Sleight,
V., Calafat, A., Rogers, A.D., Narayanaswamy, B.E. and Thompson, R.C.,
2014. The deep sea is a major sink for microplastic debris. Royal Society
open science, 1(4), p.140317.

Woods, M.N., Stack, M.E., Fields, D.M., Shaw, S.D. and Matrai, P.A., 2018.
Microplastic fiber uptake, ingestion, and egestion rates in the blue mussel
(Mytilus edulis). Marine pollution bulletin, 137, pp.638-645.

Wright, S.L., Thompson, R.C. and Galloway, T.S., 2013. The physical impacts of
microplastics on marine organisms: a review. Environmental pollution, 178,
pp.483-492.

Wright, S.L., Ulke, J., Font, A., Chan, K.L.A. and Kelly, F.J., 2020. Atmospheric
microplastic deposition in an urban environment and an evaluation of
transport. Environment international, 136, p.105411.

Xiong, X., Tu, Y., Chen, X., Jiang, X., Shi, H., Wu, C. and Elser, J.J., 2019. Ingestion
and egestion of polyethylene microplastics by goldfish (Carassius auratus):
influence of color and morphological features. Heliyon, 5(12).

Yakushev, E., Gebruk, A., Osadchiev, A., Pakhomova, S., Lusher, A., Berezina, A.,
van Bavel, B., Vorozheikina, E., Chernykh, D., Kolbasova, G. and Razgon, I.,
2021. Microplastics distribution in the Eurasian Arctic is affected by Atlantic
waters and Siberian rivers. Communications Earth & Environment, 2(1), p.23.

Yardy, L. and Callaghan, A., 2020. What the fluff is this?-Gammarus pulex prefer
food sources without plastic microfibers. Science of the Total Environment,
715, p.136815.

Yardy, L. and Callaghan, A., 2021. Microplastic and organic fibres in feeding, growth
and mortality of Gammarus pulex. Environments, 8(8), p.74.

Ye, S. and Andrady, A.L., 1991. Fouling of floating plastic debris under Biscayne Bay
exposure conditions. Marine pollution bulletin, 22(12), pp.608-613.

Zaman, A. and Newman, P., 2021. Plastics: are they part of the zero-waste agenda
or the toxic-waste agenda?. Sustainable Earth, 4, pp.1-16.

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M. and Venditti, R.A., 2021.
Impact of dyes and finishes on the aquatic biodegradability of cotton textile
fibers and microfibers released on laundering clothes: Correlations between
enzyme adsorption and activity and biodegradation rates. Marine Pollution
Bulletin, 165, p.112030.

Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Cheng, J.J. and Venditti,
R.A., 2019. Microfibers generated from the laundering of cotton, rayon and
polyester based fabrics and their aquatic biodegradation. Marine pollution
bulletin, 142, pp.394-407.

89



Zambrano, M.C., Pawlak, J.J., Daystar, J., Ankeny, M., Goller, C.C. and Venditti,
R.A., 2020. Aerobic biodegradation in freshwater and marine environments of
textile microfibers generated in clothes laundering: Effects of cellulose and
polyester-based microfibers on the microbiome. Marine Pollution Bulletin, 151,
p.110826.

Zettler, E.R., Mincer, T.J. and Amaral-Zettler, L.A., 2013. Life in the “plastisphere”:
microbial communities on plastic marine debris. Environmental science &
technology, 47(13), pp.7137-7146.

Zhang, J., Zhang, Y., Liu, W., Quan, X., Chen, S., Zhao, H., Jin, Y. and Zhang, W.,
2013. Evaluation of removal efficiency for acute toxicity and genotoxicity on
zebrafish in anoxic—oxic process from selected municipal wastewater
treatment plants. Chemosphere, 90(11), pp.2662-2666.

Zhou, H., Zhou, L. and Ma, K., 2020. Microfiber from textile dyeing and printing
wastewater of a typical industrial park in China: Occurrence, removal and
release. Science of the Total Environment, 739, p.140329.

Ziajahromi, S., Kumar, A., Neale, P.A. and Leusch, F.D., 2017. Impact of
microplastic beads and fibers on waterflea (Ceriodaphnia dubia) survival,
growth, and reproduction: implications of single and mixture
exposures. Environmental science & technology, 51(22), pp.13397-13406.

Zubris, K.A.V. and Richards, B.K., 2005. Synthetic fibers as an indicator of land
application of sludge. Environmental pollution, 138(2), pp.201-211.

90



