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Abstract

Monitoring of plastic pollution focuses on macroplastics (>2.5 cm), with microplastics
(<5 mm) only quantified in ad-hoc research studies. When microplastics are studied, it is only
in flagship species and little is known about food web interactions with microplastics. Using
the River Thames as a case study, this thesis establishes an ecosystem-wide assessment of
macro- and microplastics. Such an approach has yet to be utilised elsewhere. This thesis
provides evidence for the trophic transfer of microplastics and, through examination of
macroplastics, highlights potential sources of microplastics. Furthermore, the present
research demonstrates that macroplastic monitoring alone is insufficient to identify all major
sources of plastic in the environment. Macroplastic is dominated by single-use products, in
particular food packaging with rainfall contributing to inputs of sewage-related debris.
Microplastic concentrations in sediment range from 0.2 to 2.6 particles per gram, with fibres
being most abundant both in biota and sediment. Microplastics are readily ingested, with
marine mammals as top predators (e.g., Halichoerus grypus and Phocoena phoceona)
consuming the most (102 items on average). When organism size is accounted for, however,
Corophium volutator and Hediste diversicolor ingests higher concentrations. Therefore,
benthic infauna are exposed to the greatest microplastic concentrations. Eriocheir sinensis
(Chinese mitten crab) are also highly contaminated, accumulating large tangles of plastic in
the gastric mill. Over 90% of individuals contain tangles, many of which were made of over
100 plastic fibres. Microplastic colour and polymer type varies between the environment and
biota with a greater proportion of coloured fibres and cellulosic particles present in the
digestive tract. The results suggest that microplastics can be transferred to predators, but
biomagnification is unlikely. The evidence provided supports the use of an ecosystem
approach to plastic monitoring in addition to the use of model species and can provide insight
into products posing the greatest risk. This evidence can be used to influence policy, product

design and disposal.
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Chapter 1
Background
1.1 Terminology

Plastic litter is typically divided into four main fractions based on size: macroplastic,
mesoplastic, microplastic and nanoplastic. There are no strict guidelines on what size limits
apply to these categories. Macroplastics are typically >25 mm with mesoplastics occupying
the size fraction between microplastics and macroplastics. But the definition of the term
microplastics has been controversial, leading to differing definitions of the term (Verschoor,
2015). Originally microplastics were categorised as all items smaller than 5 mm, which makes
mesoplastics between 5 mm and 25 mm in length. The upper limit of 5 mm was selected so
that nurdles were included in analysis of microplastics. This definition is the most widely used
and is supported by the National Oceanic and Atmospheric Administration (NOAA) (Arthur et
al., 2009) and the EU Marine Strategy Framework Directive (MSFD) Technical Subgroup on
Marine Litter (Hanke et al., 2013). Since then, it has been argued that microplastics should
only include plastic on a microscale (< 1 mm). Prior to the development of a nanoplastic
category, no lower limit for microplastics was defined (Masura et al., 2015; Verschoor, 2015;
Rochman et al.,, 2019). Instead reporting varied with sampling technique between
publications. Hanke et al. (2013) proposed a lower limit of 20 um, whilst GESAMP (2015)
proposed 1 nm. Typically, identification of microplastics smaller than 100 um is limited, with
20 um being the around lower limit of identification for micro Fourier Transform Infrared (u-
FTIR) spectrometers. Nanoplastics are now considered to be all plastic particles smaller than
1 nm, which makes this the accepted lower limit of microplastics. It is, however, still vital to
report the lower limit of detection to allow the accurate comparison between studies. Some
organisations further divide these categories with the MSFD Technical Subgroup on Marine
Litter recommending the following limits. Small microplastics: 0.020-1 mm, large
microplastics: 1-5 mm, mesoplastics: 5-25 mm, with each group being divided into 100 um
intervals (Hanke et al.,, 2013). For the present thesis, microplastics are considered to be
between 5 mm and 1 nm. The detection limit, however, prevents the identification of particles

at the lower boundary.
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Microplastics are further divided by their origin, with two categories: primary and
secondary microplastics. Primary microplastics are those manufactured as a microplastic. This
includes microbeads and nurdles. Secondary microplastics were originally part of a larger item
that has broken up over time. For instance, UV degradation has been demonstrated to result
in the formation of microplastics and affects plastic properties (Ainali et al., 2021). Depending
on the polymer, fragmentation of plastic can be either fast or slow (Min et al., 2020).
Secondary microplastics are typically more common in the environment (e.g., Egger et al.,,
2020; Rowley et al., 2020). Fibres shed from textiles can be defined as both primary and
secondary particles. They are manufactured with a diameter small enough to be considered
a microplastic and can also fragment from clothing during washing. In the present thesis,

primary and secondary microplastics are not considered separately.

Microplastics as a category are a complicated pollutant consisting of many polymers
with many plastic additives. Polymer type can affect the density and properties of
microplastics. In addition, microplastics vary by shape (e.g., pellets, microbeads, fibres, films
and fragments), size and colour. Nor and Obbard (2014) proposed that to visually identify
plastics, particles must contain no cellular structures, must not be segmented, should be a
uniform thickness, homogenously coloured and are not shiny. Horton et al. (2017), however,
argued that plastic could be shiny and not homogeneously coloured and recommended that
particles also meet at least two of six additional criteria: pieces are unnaturally coloured, have
an unnatural coating, have an unnatural shape, are robust when pulled with forceps, are shiny
or glassy and are flexible. Due to the great diversity of microplastics, some researchers are
recommending a dichotomous key or guide to the standardised identification of microplastics
(Rochman et al., 2019; Lusher et al., 2020a). Categories are as follows: fibres, bundles of
knotted fibres, fragments, films, foams, and beads. Fibres have a length significantly greater
than width and are typically a uniform thickness. Bundles of knotted fibres, sometimes
referred to as tangles, cannot be separated and counted or contain more than 20 items.
Fragments are angular items originating from large plastic items and are often rigid. Whilst
films are fragments with two dimensions significantly greater than the third, often flexible
(except for items such as polymer-based paints). Foams are expanded fragments that contain
bubbles or have been aerated. Finally, beads are specifically engineered to be this size and

shape can be spherical, ovoid or cylindrical pellets (Lusher et al., 2020a). In the present thesis,
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particles are described by shape and colour. A representative subset of 10% were analysed
by FTIR. All reported concentrations include the confirmed plastics in addition to those
identified visually. As such, it is possible that the results are an overestimate. They represent

the worst-case scenario.

In addition to microplastics, microlitter includes microfibres and other anthropogenic
materials that are not plastic (e.g., cellulosic and cotton fibres, rubber fragments). In the
present thesis, cotton and cellulosic fibres were reported separately. The NHM FTIR library is
extensive and includes several variations of cotton and cellulosic polymers from different
manufacturers. As such, a microfibre identified as cotton would match several cotton spectra
before having a lesser match with cellulosic semi-synthetic items, such as Rayon. Cellulosic
fibres were grouped as the distinguishing between Rayon and Avicel etc., was more difficult.

Details of libraries used for FTIR can be found in the Supplementary Material (S1).

Definitions of bioaccumulation and biomagnification in respect to microplastics can
vary. In the present thesis bioaccumulation was defined as the retention of microplastics by
biota longer than natural items, such as food, that has the potential for greater concentrations
of microplastics to be found inside biota than the environment. Biomagnification was
considered to be the retention of microplastics by predators from contaminated prey
resulting in higher concentrations of microplastics at the top of the food web, as occurs with
some chemical pollutants such as DDT. The two terms are distinguished by the risk to
organisms at different trophic levels. For instance, bioaccumulation can affect all biota
regardless of their position in the food web, whilst biomagnification sees an increased risk to

biota at higher trophic levels.

1.2 Plastic production and pollution

The term plastic encompasses many synthetic and semi-synthetic polymers, such as
polypropylene (PP), polyethylene (PE), polyvinyl chloride (PVC), polyester (PES) and
polyamide (PA), more commonly known as nylon. Plastic is a flexible and durable resource
with a diverse range of uses. As such, it is an increasingly popular material in high demand. In
2018, 359 million tonnes of plastic (not including some synthetic fibres) were produced
globally (PlasticsEurope, 2019b), peaking at 368 million tonnes in 2019 (PlasticsEurope, 2021).

Production has increased every year and, for over a decade, global plastic production (not
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including synthetic fibres) has increased by at least 9 million tonnes a year (PlasticsEurope,
2016, 2018a). Production only decreased in 2021 to 367 million tonnes (PlasticsEurope, 2021).
It is estimated that if resin from fibre production were included, plastic production would be
63 million tonnes more in 2016 (Lebreton and Andrady, 2019). By 2018, fibre production had
risen to 107 million tonnes (Tobin and Urban-Rich, 2022). Packaging demands the greatest
proportion of plastic resources and PP, which is used in food packaging, is the most commonly
produced polymer followed by PE (PlasticsEurope, 2018a, b). Demand for packaging has
driven the increase in PP production, but production has increased for all polymers
(PlasticsEurope, 2018a). Production of plastic material is greatest in China, followed by
Europe. Furthermore, plastic is exported across the globe, creating many opportunities for it

to litter the environment (PlasticsEurope, 2018a).

Plastic pollution has been reported across the world (Shim et al., 2018), with 15 million
tonnes of marine plastic waste generated per year, mostly from coastal areas; fishing,
shipping and aquaculture; in-land sources and the exporting of waste (Forrest et al., 2019). In
2015, up to 99 million tonnes of mismanaged plastic waste was generated and this could rise
to nearly 300 million tonnes by 2060 (Lebreton and Andrady, 2019). Similar to trends in plastic
production, PP and PE are the most commonly recovered plastics in the marine environment

(Hidalgo-Ruz et al., 2012; Wright et al., 2013; Almroth and Eggert, 2019).

Plastic affects both terrestrial (e.g., Duis and Coors, 2016; Nizzetto et al., 2016; Zhao
et al., 2016; Lwanga et al., 2017; Kumar et al., 2020; Li et al., 2020) and aquatic environments,
including marine (e.g., Barnes et al., 2009; Cozar et al., 2014; Dai et al., 2018; Penget al., 2018)
and freshwater ecosystems (e.g., Horton et al., 2017; Blettler et al., 2019; Turner et al., 2019;
Uurasjarvi et al., 2020), with plastic being recovered from all seas and oceans (Bhuyan et al.,
2021). Plastic is even prevalent in remote locations, such as Antarctica (Reed et al., 2018), the
Arctic (Tekman et al., 2020) and the deep sea (Van Cauwenberghe et al., 2013; Woodall et al.,
2014; Courtene-Jones et al., 2017; Chiba et al., 2018; Peng et al., 2018; Amon et al., 2020;
Zhang D., 2020; McGoran et al., 2021), where some of the greatest concentrations of

microplastics have been reported (Kane et al., 2020).

In aquatic systems, plastics are present in all components (Wright et al., 2013; Cowger

et al., 2021): surface water (e.g., Carpenter and Smith, 1972; Eriksen M. et al., 2013; Cdézar et
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al., 2014; Eriksen et al., 2014; Takarina et al., 2022; Yu et al., 2022), water column (e.g.,
Thompson et al., 2004; Reisser et al., 2015; Cera et al., 2022), benthos (e.g., Claessens et al.,
2011; Horton et al., 2017; Peng et al., 2018; Bhuyan et al., 2021, Arturo and Corcoran. 2022;
Yu et al., 2022) and shore (e.g., Thompson et al., 2004; Browne et al., 2011; Fred-Ahmadu et
al., 2022). Barnes et al. (2009) estimated that 10% of household waste is plastic but found
that a much higher proportion of litter recovered from the shore is plastic. The study
suggested this was possibly due to its longevity in the environment compared to other debris.
Oceanographic models predicted that there were a minimum 5.25 trillion pieces of plastic on
the ocean’s surface alone (Eriksen et al., 2014). Although, marine plastic concentrations are
likely to be much higher as it is estimated that 94% of marine plastic sinks to the seafloor
(Almroth and Eggert, 2019). Past literature has focused on the marine environment
(Kallenbach et al., 2021), with more studies concentrating on marine organisms than
freshwater species (Lusher et al., 2017). Additionally, working groups and international bodies
(e.g., GESAMP (Joint Group of Experts on the Scientific Aspects of Marine Environmental
Protection), ICES (International Council for the Exploration of the Sea) and OSPAR (named
after the Oslo Convention in 1972 and the Paris Convention in 1974)) all focus on marine
areas. OSPAR consists of 15 Governments and the EU who co-operate to protect the
Northeast Atlantic Ocean also focus on the marine environment (Kallenbach et al., 2021).
Freshwater plastic debris was first reported in Swiss lakes by Faure et al. (2012). Since then,
research into rivers (e.g., Morritt et al., 2014; Horton et al., 2017; Tibbetts et al., 2018; Huang
et al., 2021; Xia et al., 2021; Youngblood et al., 2022) and lakes (e.g., Free et al., 2014;
Corcoran et al., 2015; Bertoldi et al., 2021; Felismino et al., 2021) has increased. Rivers
transport plastic from terrestrial sources, the origin of an estimated 80% of marine
microplastics (Rochman, 2018), into the sea (Cole et al., 2011; Lechner et al., 2014; Jambeck
et al., 2015; Rochman, 2018) and lakes (Corcoran et al., 2015; Petersen and Hubbart, 2021).
Globally, up to 2.7 million tonnes of macroplastic is discharged from riverine sources per year
(Meijek et al., 2021), with rivers and watersheds larger than 100 km? accounting for the
transport of 91% of mismanaged waste (Lebreton and Andrady, 2019). Indeed, plastic debris
in rivers correlates with the proportion of mismanaged plastic waste on the surrounding land
(Seo and Park, 2020). Similarly, in the Ganges River Basin littering is more common in urban
areas with smaller populations leading to inputs to the river (Youngblood et al., 2022).

Modelling estimates have previously designated 10 rivers, predominantly in Asia, as the most
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polluting, responsible for between 50% and 94% of riverine macroplastic discharges (Lebreton
et al., 2017; Schmidt et al., 2017). These models, however, neglected many factors, such as
spatial variation in plastic sources, and more recent estimates find that, in fact, over 1,000
rivers are responsible for 80% of riverine discharges (Meijek et al., 2021). Furthermore, rivers

can act as hotspots for plastic pollution (Windsor et al., 2019a).
1.3 Fragmentation of macroplastic and microplastic inputs to aquatic systems

Whilst plastic does not biodegrade, it can fragment through mechanical and oxidative
processes (Weinstein et al., 2016; Andrady, 2017; Andrady, 2022; Sipe et al., 2022). Eriksen
et al. (2014) reported that the abundance of macroplastic debris in the environment was
increasing at a slower rate whilst microplastic debris was becoming increasingly common as
large items break up. Similar to the quantification of plastic in the environment, research into
weathering has focussed on the marine environment. Evidence demonstrates that
fragmentation occurs more commonly on beaches than in floating litter and, as such, it has
been suggested that microplastics in the water column fragmented on land prior to entering
the sea (Andrady, 2022). The review by Andrady (2022) also noted that further study of
weathering in natural conditions was lacking and necessary to confirm experimental
observations. As microplastic concentrations rapidly increase through macroplastic break up,
it is therefore imperative that microplastic concentrations are monitored in addition to

macroplastics.

Microplastic research also focusses on the marine environment, and this is where they
were first reported (Carpenter and Smith, 1972). Microplastics have since been studied with
increasing frequency. The number of papers published on microplastics since 2010 has
increased 50- to 100-fold (Connors et al., 2017; Periyasamy and Tehrani-Bagha, 2022). Plastic
in aquatic systems can be transported to the open ocean, deposited in the sediment, ingested
or washed onto the shore (Shim et al., 2018). Van Sebille et al. (2015) estimated that between
15 and 51 trillion pieces of microplastic had accumulated in the ocean to date. Whilst models
have predicted that even with considerable mitigation strategies, between 2016 and 2040
over 700 million tonnes of plastic could accumulate in terrestrial and aquatic environments
(Lau et al., 2020). A review by Hidalgo-Ruz et al. (2012) revealed that estimates of microplastic

contamination in the marine environment were inconsistent amongst studies and between
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sediment and water samples. Indeed, Maes et al. (2017b) reported higher concentrations of
microplastics in the sediment of the North Atlantic compared to in the surface water.
Furthermore, a review by Hidalgo-Ruz et al. (2012) also highlighted that microplastic
abundance has been estimated as between less than one piece per m? (8 x 10 per m?) and
thousands per m? (77,000 per m?), with less plastic being recorded at the sea surface than on
the shore. Khuyen at al. (2021) also reported finding greater concentrations of microplastics
in beach sand compared to seawater. In addition, microplastics also accumulate closer to the
shore in urban lakes (Vaughan et al., 2017). Plastic is also known to accumulate in high-
pressure systems, gyres, in the ocean (Moore, 2008). In the North Pacific central gyre, the
largest of these systems, surface water contained six times more plastic than plankton (Moore
et al., 2001). High plastic to biota ratios are still recorded in more recent studies (Egger et al.,
2021). Microplastics do not remain in the surface waters of gyres indefinitely and have been
found to migrate vertically (Egger et al., 2020; Vega-Moreno et al., 2021). A recent study
reported concentrations as high as 1.9 x 108 per m? in the seabed of the Tyrrhenian Sea (Kane

et al., 2020).

As with macroplastics, microplastics can be transported great distances from land-
based sources out to sea, with rivers acting as a major pathway (Schmidt et al., 2017; Wagner
et al.,, 2019; Liu et al., 2022). Indeed, microplastics are most abundant at the mouths of
estuaries (Browne et al., 2010; Wright et al., 2013) and are common in wetlands bordering
estuaries (Qian et al., 2020). Indeed, the Firth of Clyde had some of the highest surface water
concentrations of microplastics across the whole of the Scottish coast (Russell and Webster,
2021). Similarly, the plastic load in the surface water of rivers is reportedly higher than that

of lakes, up to nearly 3,000 particles per cubic metre (Dris et al., 2018).
1.4 Sources of plastic pollution in aquatic environments

Plastic pollution can originate from a variety of sources, including atmospheric fallout,
landfills, agricultural runoff, wastewater, littering and sewer overflows (Dris et al., 2018). As
plastic is often lightweight, it can easily be blown or washed from the land into aquatic
environments (Moore, 2008). Jambeck et al. (2015) estimated that between 4.8 and 12.7

million tons of macroplastic debris entered the marine environment globally each year.
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Fibres are by far the most abundant type of microplastic in the environment (Wright
et al., 2013; Shim et al., 2018), appearing most commonly in sediment (e.g., Claessens et al.,
2011; Vaughan et al., 2017; Turner et al.,, 2019), and water (e.g., Napper et al., 2021;
Tanentzap et al., 2021; Aytan et al., 2022), as well as in biota (e.g., Rochman et al., 2015;
McGoran et al., 2017, 2018; Atici et al., 2021; Zaki et al., 2021). Turner et al. (2019) found up
to 882 plastic particles per kg of dried sediment in a British urban lake and these were almost
exclusively fibres. It is believed that many of these fibres originate from the textiles industry
(Hartline et al., 2016). In the environment PES (including Polyethylene terephthalate, PET)
and cellulosic fibres (including cotton and semi-synthetic polymers, such as rayon) are
commonly recovered (Miller et al., 2017; Sillanp&a and Sainio, 2017; Napper et al., 2021; Zaki
et al., 2021; Periyasamy and Tehrani-Bagha, 2022), reflecting the use of textile materials.
Washing machines have been proposed as a major source of plastic pollution even in remote
areas (e.g., Antartica, Reed et al., 2018). Various studies have estimated the volume of fibres
released by domestic washing machines, with Browne et al. (2011) first calculating that
washing a fleece released up to 1,900 fibres per wash. Evidence suggests that polymer type,
garment structure and washing conditions such as temperature and the use of detergent can
influence fibre release (Periyasamy and Tehrani-Bagha, 2022). Napper and Thompson (2016)
reported that an average 6 kg wash of acrylic garments could release 700,000 fibres. PES has,
however, been found to shed a greater abundance of fibres, with estimates of 6,000,000
fibres per 5 kg washed (De Falco et al., 2018b) and 13,000,000 per kg washed (Sillanpaa and
Sainio, 2017). There is now also evidence that laundry dryers emit fibres into the air (O’Brien
et al.,, 2020). In comparison, the number of fibres released in effluent from wastewater
treatment plants (WWTPs) is far less than these estimates, with Browne et al. (2011) reporting
that on average only one fibre per litre was discharged in a tertiary plant. Similarly, Ziajahromi
et al. (2017b) found that effluent from WWTPs released between 0.2 and 1.5 microplastics
per litre. Talvitie et al. (2017a) tested the efficiency of four different wastewater treatment
systems including membrane bioreactor, discfilter, rapid sand filtration and dissolved air
flotation. The study found that all could achieve an extraction of over 95% of particles,
however, the discfilter treatment resulted in just 40% recovery in some samples. After
secondary treatment in a tertiary WWTP, over 99% of microdebris had been removed from
the affluent, suggesting that the third treatment step offered little additional benefit (Talvitie

et al., 2017b). Similarly, Chinese WWTPs could remove between 89% and 94% of microplastics
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(Zhang et al., 2021). Yet, a survey of over 100 Greek WWTPs showed that 94% lacked a
filtration system with a fine enough mesh to recover microplastics (Mourgkogiannis et al.,
2018). Despite the effective removal of microplastics, the sheer volume of wastewater
processed results in a large input of fibres to the environment (Talvitie et al.,, 2017b;
Mourgkogiannis et al., 2018; Zhang et al., 2021). Estimates of daily microplastic release in
effluent are frequently in the millions (Mourgkogiannis et al., 2018; Zhang et al., 2021), but
have been recorded as high as 1.4 x 108 particles per day (Talvitie et al., 2017b). Additionally,
large quantities of plastics present in sludge will enter the environment through its application
on agricultural land (Talvitie et al., 2017b; Koutnik et al., 2021). Nizzetto et al. (2016)
estimated that in Europe between 63,000 and 430,000 tonnes of microplastics could be added
to farmlands annually, exceeding estimates of surface water contamination globally. Whilst
inthe U.S., annual release of microplastics from biosolids could be as great as 785—-1,080 items

a year (Koutnik et al., 2021).

Microplastics can also enter aquatic systems through runoff. The origins of these
plastics could be from various sources including agriculture (Hurley et al., 2018; Koutnik et al.,
2021), roads (Sundt et al., 2014; Kole et al., 2017; Tamis et al., 2021; Worek et al., 2022) and
shipyards (Sundt et al., 2014). At present there is little evidence for the quantity of plastic
entering aquatic systems through runoff (Dris et al., 2018). In biosolids applied to agricultural
land fragments dominate (Hurley et al., 2018). This contrasts with the microplastics found in
WWTP effluents and water samples where fibres dominate (Wright et al., 2013; Talvitie et al.,
2017b; Zhang et al., 2021). In a semi-arid environment, an estimated 136,000 microplastics
could runoff per hectare in one rainfall event, with fragments preferentially transported

whilst fibres are retained in the soil (Hurley et al., 2018).

Suspension of particles in the air is another pathway in which microplastics can enter
aquatic environments as well as being a source of contamination during laboratory and field
work. This source of microplastics has only recently been documented with a growing number
of studies on the topic (e.g., Dris et al.,, 2016, 2017). Fibres are extremely abundant in
atmospheric fallout and it was estimated that 3—10 tons of fibres could be deposited annually
in the Paris Metropolitan Area (Dris et al., 2016). In London, up to 1,008 microplastics fall per
m? in a day (Wright et al., 2020). Additionally, microplastics can be transported by snow

(Bergmann et al., 2019) and rain, with increased abundance during storm events (Hitchcock,
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2020). Abundance is also affected by sampling location with a greater number of fibres in
urban environments (Wright et al., 2020) and indoors (Dris et al., 2017) and, therefore, there
is a greater risk of contamination in the laboratory compared to the field. Indoor microplastic
abundance is influenced by the amount of usage of space and airflow, with air-conditioning
resulting in the resuspension of particles (Zhang Q. et al., 2020). Fibres typically originate from
textiles in the indoor environment (Zhang Q. et al., 2020), with about two-thirds of fibres in

the environment and indoors being organic (Dris et al., 2016, 2017).
1.5 Impacts of macro- and microplastic pollution

In the 1970s, the plastic industry claimed that the only negative effect of plastic
pollution was that it was an eyesore (Derraik, 2002). Evidence is mounting, however, for the
detrimental impacts of macroplastic pollution. Early work on plastic pollution noted that it
contributed to at least eight negative outcomes: 1) litter on beaches impacting enjoyment,
tourism and potentially public health; 2) plastic entangles animals; 3) plastic is ingested; 4)
plastic does not biodegrade and is therefore persistent in the environment; 5) plastics can
accumulate chemical pollutants; 6) plastic on the benthos can inhibit gaseous exchange of
bottom-dwelling organisms if they are covered; 7) plastic damages nursery grounds and; 8)
plastic can entangle and damage vessels and put crew removing the debris and the vessel at
risk (Moore, 2008). Similarly, Gregory (2009) highlighted reduced aesthetic value,
entanglement, ingestion, smothering, ghost fishing and the cost of beach cleans as major
negative impacts of marine plastic pollution. Additionally, the study documented invasive
species using floating plastic as a vector to colonise new habitats. Recent reviews have since
highlighted that plastic can contribute to human health conditions, such as diabetes and
obesity; can affect the gut microbiome; can cause genotoxicity; can cause inflammation of
the lung if inhaled; can accumulate and leach chemicals which act as endocrine disruptors and
reduce reproductive success (Iroegbu et al., 2021). Furthermore, plastic degradation releases
CO; which contributes to greenhouse gas emissions and plastic in the environment can affect
nutrient cycling and can change sediment properties (MaclLoed et al., 2021). Production of
plastic requires a greater amount of energy to produce than other materials (Lebreton and
Andrady, 2019) and rely on fossil fuels for their production. It has been estimated that
greenhouse emissions from global plastic pollution cost $695 billion per annum (Forrest et

al., 2019). More sustainable products are therefore likely to pollute the environment less in
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addition to having a reduced impact on the global climate crisis. Furthermore, plastic pollution
reduces the climate resilience of marine ecosystems and increases the threat of climate

change than climate change alone (Lincoln et al., 2022).

As well as the environmental costs of such pollution, there are financial implications
to litter on beaches and shorelines. According to Williams and Simmons (1996) Kent County
Council spent $15 million to keep local beaches clean. The timeframe of this expenditure is
not, however, mentioned in the study. Indeed, the charitable organisation Thames21 (2017)
spent over £2 million between 2016 and 2017 removing litter from the Thames foreshore.
Although Williams and Simmons (1996) argued that beach cleans are ineffective at keeping
waste off the shore, a study in the Forth of Firth reported that daily and weekly beach cleans
significantly reduced shoreline litter and even annual cleans reduced rubbish abundance

(Storrier et al., 2007).

The impact plastic has on the environment varies by the particles shape and size. On
a large scale, macroplastic is less bioavailable than micro- or nanoplastics. But, even within
the category of microplastics, size and shape can affect if negative impacts of exposure are
detected (Earn et al., 2021). Macrodebris can result in entanglement and ingestion (Laist,
1987; Wright et al., 2013; Provencher et al., 2017; MacLeod et al., 2021). A review by Kihn
and Van Franeker (2020) highlighted that 914 species are known to ingest or entangle in
plastic. Just five years earlier, records only reported 550 marine species being affected, yet
this was still more than twice the number documented in 1997 (Kiihn et al., 2015). It is
estimated that 100,000 marine mammals die annually in the North Pacific due to
entanglement in fishing gear (Moore, 2008). There is, however, a bias in studies towards fish
and seabirds, with only 75 accounts of ingestion by marine mammals in the review by Kiihn
and Van Franeker (2020). Moore (2008) estimated that millions of animals had been
entangled in abandoned and lost ‘ghost’ fishing nets and lines. Entanglement has even been
reported in the deep sea (Chiba et al., 2018; Amon et al., 2020), with primnoid and isidid coral
colonies at depths greater than 1,000 m entangled in fishing gear, ropes and plastic bags
(Amon et al., 2020) which may reduce filter feeding capabilities. Large plastic items can also
resemble prey to large sea creatures, such as turtles (Gramentz, 1988). Over 701 species are
known to ingest plastic (Kiihn and Van Franeker, 2020) and it is likely many more species are

affected but have not been recorded. Similarly, Provencher et al. (2017) calculated that

27



upwards of 690 species could be affected by plastic ingestion. Figure 1.1 highlights examples
of microplastic ingestion evidenced in the literature and how affected species fit into food

webs.

Due to their small size, microplastics are widely bioavailable (Wright et al., 2013).
Galloway et al. (2017) illustrated that microplastic contamination can have effects at different
levels in an ecosystem, from cellular impacts and individual mortality to population-wide
effects. Ingestion of microplastics is perhaps the most commonly reported negative impact of
plastic pollution. There are many pathways that enable microplastics to enter the food web,
including mistaken identity of plastic for prey, incidental capture, inhalation and trophic
transfer (Wright et al., 2013; Au et al., 2017; Setala et al., 2018). Non-selective filter feeders
are at particular risk of consuming microplastics (Moore, 2008) with, for example, baleen
whales ingesting more plastic than toothed whales (Kiihn and Van Franeker, 2020). Moore
(2008) proposed that plastic was capable of breaking down into fragments that could mimic

any natural food source.

Reviews by Lusher at al. (2017) and Foley et al. (2018) highlighted that microplastic
ingestion can negatively impact growth, immune response, food consumption, fecundity and
energy levels as well as having generational effects. Microplastic ingestion does not affect all
animals in the same way nor to the same degree. A meta-analysis by Foley et al. (2018)
demonstrated that zooplankton growth, survival and reproduction were all negatively
impacted by microplastics. By comparison, molluscs and echinoderms were largely
unaffected with some suggestion of impacts on reproduction, consumption and growth. The
meta-analysis also revealed that whilst juvenile fish demonstrate reduced feeding in the
presence of microplastics, adult fish are unaffected. Critchell and Hoogenboom (2018) noted,
however, that the size of microplastics affected the likelihood they would be ingested with
only small microplastics negatively impacting juvenile planktivorous fish (Acanthochromis
polyacanthus). There is a lack of studies investigating the impacts of microplastic on fish
health which hinders our understanding of impacts in this group (Foley et al., 2018). Size of
microplastics was also found to have an effect in zooplankton. According to Cole et al. (2015),
when in the presence of microplastics, copepods exhibited reduced feeding and selectively

fed on smaller particle sizes. This study demonstrated that reduced carbon consumption
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ultimately led to increased mortality and reduced fecundity, including smaller egg sizes and

lower hatching success.

Despite the abundance of fibres in the environment, studies into the effects of
microplastic ingestion have primarily focussed on microbeads (Rebelein et al., 2021),
primarily due to their availability from suppliers (Ziajahromi et al., 2017a). In addition to their
abundance, a review by Wright et al. (2013) noted that fibres were the most harmful form of
microplastic. Evidence shows that microfibres could have greater negative effects when
ingested compared to microbeads (Qiao et al., 2019; Daniella Hodgson, pers. comm.),
especially affecting organisms at the base of the food web (Rebelein et al., 2021). For
example, Ziajahromi et al. (2017a) demonstrated that Ceriodaphnia dubia showed greater
detrimental effects after exposure to microfibres compared to microbeads and that
deformities in the carapace only developed when this waterflea was exposed to microfibres.
Cole et al. (2019) did not find that fibres resulted in greater negative effects than granules of
plastic but did report different impacts of exposure to the two shapes. A review by Foley et
al. (2018), however, found more evidence of negative effects in studies which used spherical
microplastics compared to fibres. This may be driven by the larger number of studies using

the former.

The most common impact of microplastic ingestion is reduced food consumption
(Foley et al., 2018). Microplastic ingestion is rarely lethal, unlike macrodebris ingestion, which
particularly affects seabirds, turtles and some cetaceans (e.g., Carey, 2011; Santos et al., 2015;
Ryan et al., 2016; Alexiadou et al., 2019; Roman et al., 2019). Evidence does suggest, however,
that some seabirds can regurgitate plastic in boluses (Bond et al., 2021; Grant et al., 2021).
Additionally, sub-lethal effects are often reported to a lesser degree in higher order
vertebrates (Puskic et al., 2020). The risk of fatality from ingestion increases as more items
are consumed (Roman et al., 2019). Microplastics can negatively impact feeding and energy
stores which in turn adversely affect fitness and reproductive success (Galloway et al., 2017).
Moreover, plastic ingestion may have knock-on effects in the food web, with mortality in low
trophic organisms impacting prey abundance for predator species (Foley et al., 2018; Nelms
et al., 2018). Additionally, the impacts of microplastics on organisms varies with

environmental factors such as temperature (Foley et al., 2018).
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Figure 1.1. Microplastic contamination across food webs. For the full list of references

used to create this illustration see the supplementary material (S2).

30



Despite mounting evidence of the negative effects associated with microplastics, it is
not known whether the effects observed in laboratory studies also occur in nature. It has been
suggested that plastics are unlikely to have negative chemical impacts once ingested. For
instance, Koelmans et al. (2016) proposed that plastics were probably not a key source of
hazardous chemicals and that prey items are more likely the vectors of pollutants. Lenz et al.
(2016) reviewed studies investigating the effects of microplastics and determined that the
concentrations of plastics used were unrealistic when compared to recorded environmental
levels, with studies using concentrations up to seven orders of magnitude higher. Although
levels of environmental contamination have been considered in some studies and an effort
has been made to test smaller volumes of plastic (Sussarellu et al., 2016), it has been noted
that using local hotspots to determine contamination could result in studies not having a
wider relevance and that more studies should test appropriate concentrations (Lenz et al.,
2016). In addition, laboratory studies have often relied on virgin plastic rather than
‘weathered’ plastics (e.g., Besseling et al., 2013; Sussarellu et al., 2016). Given these
limitations, more experiments are being conducted on a wider range of plastics under more
realistic conditions. Parker et al. (2021) reviewed microplastic ingestion by freshwater fishes,
reporting that most studies used concentrations within the limits recorded in the
environment. The same review noted that physiological effects were the most common

response to microplastic exposure, but that effects were concentration dependent.
1.6 Plastic pollution and associated chemicals

Once ingested, microplastics can cause physical damage with chemical additives and
sorbed persistent organic pollutants (POPs) able to leach into the tissue (Moore, 2008; Wright
et al., 2013). It has been proposed that chemicals associated with plastics can have additional
negative effects such as endocrine disruption (Wright et al., 2013; Lusher et al., 2017).
Although it is noted that further research is needed to understand whether microplastics act
as vectors for POPs to organisms (Rodrigues et al., 2019; Tang, 2021). There is a lack of studies
investigating the impacts of plastic ingestion when other contaminants, such as POPs, are
present (Foley et al., 2018). Microplastics can accumulate a greater load of chemical
pollutants compared to seawater, up to 10° times greater (Mato et al., 2001). Indeed, several
studies have demonstrated this (Rodrigues et al., 2019), but the concentrations accumulated

can vary with environmental factors (e.g., pH, salinity, temperature) and the physical
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properties of the plastic (e.g., aging, polymer type, shape) (Tang, 2021). A review by Tang
(2021), however, reported that typically concentrations of POPs on microplastics resulted in
insignificant or low impacts on organism health. Ultimately, microplastics are only one
contaminant present in aquatic systems. A variety of pollutants would be impacting
organisms in these systems and studies exploring the combined effects of these are necessary
to fully understand the role microplastics play in transferring chemicals and causing negative
effects. An early study by Browne et al. (2013) reported that laboratory exposure of Arenicola
marina (lugworm) to microplastics and chemical contaminants resulted in the transfer of the
additive to the animal tissues. This resulted in reduced ability to defend against pathogens,
negatively impacted burrowing rates and caused increased mortality. Browne et al. (2013) did
also note that sand was more effective than PVC at transferring chemical additives to tissue
when ingested. Diepens and Koelmans (2018) used model food webs to demonstrate that
chemical accumulation in the presence of plastic depends on the type of chemical, with
polycyclic aromatic hydrocarbons (PAHs) accumulation but no such trend is reported for
polychlorinated biphenyls (PCBs). Studies have also demonstrated that microplastics can act
as vectors of heavy metals in aquatic (Brennecke et al., 2016; Wang et al., 2017; Sarkar et al.,
2021) and terrestrial environments (Hodson et al., 2017; Sarkar et al.,, 2021), with some
polymers having a greater affinity for metal adsorption (Godoy et al., 2019). Furthermore,
evidence suggests that biofilm formation on the surface of microplastics increases the
adsorption capability of the particles (Wu et al.,, 2022). It must be noted, however, that
although plastics can accrue heavy metals, many are inherent (Wang et al., 2017) and there
is evidence that ingestion may not result in negative effects (Hodson et al., 2017; Foley et al.,
2018). Brennecke et al. (2016) proposed that ingestion of heavy metal-loaded microplastics
could result in biomagnification. In addition to the sorption of heavy metals, biofilms can form
on microplastics and the bacteria present in these communities can pose risks to the health
of organisms which ingest plastic (Kirstein et al., 2016; Rummel et al., 2017). Some
researchers note, that whilst bacteria can be recovered from microplastics, their virulence is
not well understood. Having said this, the scientific consensus is that microplastics can be
vectors for pathogens and antimicrobial-resistance genes (Bowley et al., 2021). It has been
demonstrated that heavy metals, bacteria and microplastics all interact, with microplastics
acting as hotspots for bacteria with antibacterial resistance genes which are co-selected for

in the presence of some heavy metals (Imran et al., 2019). Moreover, the impacts of
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microplastic exposure may vary as environmental stressors change and there is a call for more
research on microplastics and other anthropogenic stressors (e.g., ocean warming,

acidification, eutrophication) (Parker et al., 2021).
1.7 Aims

With high concentrations of macro- and microplastics polluting aquatic environments,
monitoring plastic distribution is therefore key to developing risk assessment strategies
(Everaert et al., 2018). Monitoring provides robust data which can be used to inform
mitigation strategies. Presently, monitoring of plastic pollution focusses solely on
macroplastic (e.g., OSPAR Commission, 2022) and often identifies the most common items in
the environment as targets for mitigation. Evidence suggests, however, that monitoring
macroplastic alone is insufficient and investigation into meso- and microplastics is also
required to understand risks and sources of pollution (Blettler et al., 2019). Indeed, Schmidt
et al. (2017) reported that 95% of items recovered from rivers were microplastics compared
to macroplastics. Though it should be noted that some studies are designed to only
investigate microplastics and exclude macroplastics. Consequently, some data, taken in
isolation, portrays an incomplete picture and are biased to one size or the other. When
considering risk, it is essential to assess interactions with biota and, as such, monitoring of
microplastic ingestion is required. At present, few species have been proposed as sentinels
for microplastic ingestion. Therefore, the aim of the present thesis is to develop an
ecosystem-wide assessment of plastic waste with a focus on food webs using the River

Thames as a case study.

The impacts of plastic pollution on the environment have started to become more
apparent and concern over the removal and prevention of such contamination has increased.
To better understand the pathways through which plastics move and improve management
of such waste, the disparities in knowledge must be addressed. Building on the information
already gathered, this thesis aims to develop an ecosystem-wide assessment of plastic
pollution with the focus of providing environmental evidence for the movement of plastic
through the food web (Figure 1.2). Harmonised methodology is lacking in the field and as
such, prior to investigating the food web, a degree of method development was required

(Chapter 2). It was suspected that potassium hydroxide (KOH) would be the most likely
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solution for digestion of organic material as it is widely used in the literature and low cost
makes it highly suitable for harmonisation and comparability. Enzymes, however, were
proposed to be faster and more effective. Since microplastics can be difficult to trace back to
source, macroplastic debris will also be addressed as this can be used to highlight sources of
waste production and pathways of pollution (Chapter 3). The present thesis aims to
determine whether macroplastic concentrations and product types differed in the water
column and the riverbed. This was deemed critical to understanding plastic pollution as it
would determine its longevity in river system, the transport of plastic to the foreshore and
out to sea as well as the likelihood of biota interacting with the litter. Macroplastic in the
environment can degrade and fragment, contributing to microplastic concentrations. Thus, in
Chapter 4 microplastic abundance in the Thames riverbed was investigated. It was expected
that microplastics would accumulate in the sediment since microplastics likely follow similar
transport mechanisms as fine silty/muddy sediment. If microplastics present in the sediment
are retained for a greater duration than those in the water column, sediment samples can be
used to estimate the highest concentration biota are exposed to over long periods.
Additionally, benthic species and infauna are likely to be the most exposed to microplastics
compared to species in the midwater. Brachyuran crabs were selected as at-risk species for
ingesting microplastics due to their close association with the sediment, burrowing behaviour
and past evidence in the literature. Their ingestion of microplastics was quantified in Chapter
5 where it was proposed that most individuals would contain microplastics, with tangles of
fibres forming in the gastric mill (GM). It was expected that all brachyuran crabs would be
affected equally. Building on this knowledge, the Thames Estuary food web was developed
using analyse the diet of fish and marine mammals (Chapter 6). The simplified food web was
used to determine the likelihood of bioaccumulation and biomagnification. It was
hypothesised that bioaccumulation, trophic transfer and biomagnification were possible in an
estuarine food web. To this end, it was expected that similar types of plastic would be
recovered in all studied species (i.e., any preferential ingestion of plastic at lower trophic
levels would be reflected in the plastic present in their predators). Further to this, seasonal
temporal changes in plastic abundance were explored in both the environment and biota
(Chapter 6). Plastic concentrations were expected to be greater in winter and autumn when

rainfall would be high, resulting in larger inputs of plastic into the environment.
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Figure 1.2. The structure of this thesis was based around an ecosystem assessment of
plastic contamination in the Thames Estuary. This illustration demonstrates the

interconnectedness between chapters.
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Chapter 2

The River Thames and plastic pollution: sample site, methodology and the development of

a digestion extraction protocol
2.1 Background and study area

Estuaries are some of the most productive ecosystems in the world, are important
habitats for commercial fish stocks and provide several ecological services to the animals that
inhabit them, including habitat, spawning grounds, nursery grounds, food and protection
from predation (Beck et al., 2001; Selleslagh and Amara, 2008; Amara et al., 2009). Strong
environmental gradients, as well as seasonal variations, produce a variety of niches to support
fish at several life stages and this additionally impacts microplastic availability (Ferreira et al.,
2019). But estuaries are at risk from a variety of anthropogenic pressures with an estimated
60% of the global population living on the coast (Amara et al., 2009). Indeed, in the UK most
major urban centres are situated on rivers and estuaries (Kirby et al., 2004). Globally,
estuaries are one of the marine ecosystems most affected by anthropogenic change (Halpern
et al., 2008) and are hotspots and transport pathways for plastic (Browne et al., 2010; Wright
et al., 2013; Schmidt et al., 2017; Wagner et al., 2019; Liu et al., 2022). Despite this, a limited
number of studies into estuarine plastic pollution have been conducted and most focus on

tropical estuaries (Kazour et al., 2018).

The River Thames, situated in southeast UK (Figure 2.1), has a catchment of 16,000
km?2. This encompasses ca. 15 million people concentrated in many different towns and cities,
including Greater London (Environment Agency, 2016). Land-use in the catchment varies but
is mostly rural. Overall, 17% of the river basin is urbanised, mostly in the East (Environment
Agency, 2016; Hutchins et al., 2018). The Thames Estuary is turbid and highly tidal (Uncles and
Mitchell, 2011). The average flow rate of the Thames ranges from 0.33 m3s! at Ewen to 78.17
m3s? at Kingston and the catchment has a mean annual rainfall of 710 mm (Marsh and
Hannaford, 2008). Freshwater has an average residence time of two months (Uncles and
Mitchell, 2011). The riverbed consists of a mixture of coarse sediment, sand and mud, with
some of these sediments categorised as near pristine by the Environment Agency (EA) and

representing important habitats for fish (ABP Marine Environmental Research Ltd, 2013).
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The Thames catchment supports a diverse range of species, with some of national and
global importance occupying key habitats such as the estuary and saltmarshes (Environment
Agency, 2016). Over 950 species have been reported in the Thames Estuary (Thomas, 1998),
including benthic invertebrates, fishes and marine mammals. The inner estuary is dominated
by freshwater species with increased salinity to the outer estuary where more marine species
reside (e.g., European flounder, Platichthys flesus). The mid estuary contains species such as

the ragworm Hediste diversicolor (ABP Marine Environmental Research Ltd., 2013).

Firth of Clyde River Thames
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Figure 2.1. UK map with pull-outs for the Firth of Clyde (fish samples collected for digestion
protocol development) and River Thames (biota and sediment samples collected for
microplastics analysis). Black dots mark urban centres and blue dots mark the location of
sediment grab samples. The reach marked in pale blue on the map of Erith denotes the

region where trawls were conducted. Map drawn by A. McGoran.

Over 125 species of fish have been reported in the Thames Estuary (Zoological Society
of London, 2018) which is an important spawning and nursery habitat for Atlantic herring
(Clupea harengus) and Dover sole (Solea solea), and nursery habitat for whiting (Merlangius
merlangus), sprat (Sprattus sprattus) and European bass (Dicentrarchus labrax) (ABP Marine

Environmental Research Ltd., 2013).

37



Cetaceans, including harbour porpoise (Phocoena phocoena) and white-beaked
dolphin (Lagenorhynchus albirostris), are common in the southern North Sea. Harbour
porpoise and bottlenose dolphin (Tursiops truncatus) have been observed in the Thames
Estuary and it is home to two pinniped species: grey seal (Halichoerus grypus) and harbour
seal (Phoca vitulina; ABP Marine Environmental Research Ltd., 2013; Castello y Tickell and
Barker, 2015). Marine mammals are protected by the Wildlife and Countryside Act 1981, EU
Habitats Directive, Bern Convention and Seal Act of 170. Additionally, the harbour porpoise is
listed as an OSPAR threatened species. Harbour porpoise abundance peaks in early spring and
their diet consists of sandeels, gadoids and clupeids (ABP Marine Environmental Research

Ltd., 2013).

Grey and harbour seals can be found hauled out on sandbanks in the estuary. Harbour
seals travel widely within the Thames but move shorter distances when foraging compared
to grey seals who can travel hundreds of kilometres to forage. Most foraging occurs with 100
km of the haulout site, with the main prey items consisting of sandeels (Ammodytidae), cod
(Gadus morhua) and Solea solea. Plaice (Pleuronectes platessa), Platichthys flesus and dab

(Limanda limanda) also present in the diet (ABP Marine Environmental Research Ltd, 2013).

The rich biodiversity supported by the Thames represents a dramatic improvement
from its state in 1957. At this time the River Thames was declared biologically dead due to a
lack of oxygenation (Wheeler, 1979; McConville et al., 2020). Indeed, present trends in marine
mammal and bird populations are improving in the estuary. However, fish populations are on

the decline (Zoological Society of London, 2021).

The Thames basin has historically been exposed to many environmental threats from
human activities (Tinsley, 1998). Current trends indicate that the tidal Thames is improving
(Zoological Society of London, 2021), though for many contaminants there are insufficient
data available. Today, nearly half of the waterbodies in the catchment are affected by
pollution from wastewater and 17% are affected by pollution from urban centres and
transport (Environment Agency, 2016). Over 200 tonnes of waste are removed from the river
annually (McConville et al., 2020). Plastic pollution decreases with distance from urban areas
(Barnes et al., 2009; Corcoran, 2015) and WWTPs fail to remove all plastic pollution (see

section 1.4 Sources of microplastic pollution in aquatic environments). Macro-, meso- and
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microplastics have been recovered from the bottom water, surface water, sediment and
shores of the Thames and its tributaries (Morritt et al., 2014; Horton et al., 2017; Fischer,
2019; McConville et al., 2020; Rowley et al., 2020). The foreshore is a mosaic of floating and
sinking litter hotspots (McConville et al., 2020) with these accumulations having detrimental
effects on local biota (McCoy et al., 2020). During three-months of fyke-net sampling, Morritt
et al. (2014) recovered 8,490 pieces of litter, predominantly plastic from the Thames Estuary
riverbed. The litter sample was dominated by food packaging, sanitary products and cigarette
wrappers. Similar findings were reported during Thames21 and Marine Conservation Society
beach cleans (Fischer, 2019; McConville et al., 2020). The foreshore of the Thames is
dramatically changing due to deposited plastic, with wet wipes mounds accumulating rapidly,
with some accumulations as large as four tennis courts. Over 50,000 wipes were recovered in
just four trips to the foreshore (McConville et al., 2020). Erith is one of 20 recognised hotspots

for litter, with marsh reeds retaining floating litter (McConville et al., 2020).

Fauna, such as fish, have long been used as a proxy to monitor the health of estuaries
(Selleslagh and Amara, 2008; Amara et al., 2009; Selleslagh et al., 2009). There is an
abundance of fish in the Thames Estuary with over 125 species present (Thomas, 1998;
Coclough et al., 2002; Zoological Society of London, 2018). Estuaries are dominated by a few
common species (Selleslagh and Amara, 2008) and, in the Thames, P. flesus is one of these
(Clark et al., 2017). Environmental monitoring has therefore often studied P. flesus (Kirby et
al., 2004; Amara et al., 2009; Marchand et al., 2010). Fish have frequently been included in
microplastic studies with reports of between 0.38% and 75% (S2, supplementary material) of
individuals containing plastic in the gastrointestinal tract (GIT). Plastic may have entered the
GIT during feeding either as misidentification as food, incidental ingestion during prey capture
or trophic transfer (Wright et al., 2013; Au et al., 2017; Setéla et al., 2018). There is a lack of
studies into the effects of plastic ingestion on fish health (Foley et al., 2018), so it is not
possible to determine the impacts of its consumption, although it is likely to reduce feeding

activity (Foley et al., 2018).

Estuarine and freshwater fish in the Thames have also been shown to ingest plastic,
both in the tidal reach of the Thames and upstream (McGoran et al., 2017, 2018; Horton et
al., 2018). These studies found that between one- and three-quarters of fish contained

microplastics after visual inspection of the gut contents (McGoran et al., 2017; Horton et al.,
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2018; McGoran et al., 2018). McGoran et al. (2017) provided the first evidence of plastic
ingestion by fish in the Thames, revealing that up to 75% of Platichthys flesus, a benthic
species, had ingested plastic. Only 20% of sampled European smelt (Osmerus eperlanus), a
pelagic species contained plastic in the gut. McGoran et al. (2017) proposed that bottom-
dwelling species were exposed to more plastic than those in the water column. Indeed, a
greater proportion (33%) of sampled roach (Rutilus rutilus) (Horton et al., 2018), a
benthopelagic species which feeds both on the riverbed and in the water column (CABI, 2012)
in the Thames freshwater reaches ingested plastic compared to the smelt analysed by
McGoran et al. (2017). McGoran et al. (2018), however, found that both pelagic fish and
flatfish ingested more plastic on average than other benthic fish. Thus, it is possible that
flatfish are at particular risk of plastic ingestion rather than benthic species. Only 33% of
Thames flatfish sampled by McGoran et al. (2018) had plastic in the alimentary canal,
compared to 75% in McGoran et al. (2017). As dissections are just a snapshot of plastic
ingestion, providing an insight only in the instance the samples were collected, it could be the
case that plastic prevalence in fish is fluctuating as it passes through the digestive system and
more is ingested. It seems unlikely that plastic accumulates in the gut. Otherwise, a greater

proportion of fish would be expected to ingest plastic in the study by McGoran et al. (2018).

The predominant form of plastic ingested by fish in the Thames was fibres as opposed
to fragments of the macrodebris present in the Thames (Morritt et al., 2014). The most
abundant polymers in the river are PP, PET and PE (Horton et al., 2018; McGoran et al., 2018).
Microbeads and glitter have been recovered from the surface water of the Thames, as well
as larger fragments of plastic, including food packaging, stationery items and industrial debris
(Rowley et al., 2020). Sediment samples have been collected from three tributaries of the
Thames and the microplastic abundance estimated (Horton et al., 2017). The study revealed
that debris was present in all sampled tributaries, with anthropogenic debris being more
abundant at sites with a higher number of sewage inputs. Additionally, smaller pieces (1-2
mm) were more common that larger items (2-4 mm). Raman spectroscopy identified most
analysed particles as anthropogenic due to the presence of dyes in the particles (Horton et

al., 2017).

In the River Thames there are numerous wastewater outfall and combined sewer

overflows (CSOs). For example, there are nine outfalls on a ca. 6 km stretch of the river around

40



Erith (Figure 2.2). Of these nine outfalls, two discharged raw sewage in 2020. Each outfall
released untreated discharge between 73 and 113 times, resulting in a cumulative 3,000
hours of discharge (The Rivers Trust, 2022). In the immediate vicinity of the sampling sites

used in the present thesis there are two outfalls, neither of which released untreated sewage

in 2020 (The Rivers Trust, 2022).

Storm overflows with event duration monitoring

Counted spills using 12/24 hour block counting method
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Figure 2.2. Wastewater outfalls and combined sewer overflows in the vicinity of Erith, River
Thames. Nine outfalls (circled) are present on a ca. 6 km stretch of the river, with two
outfalls (circled in blue) at the sampling site for the present study. Map generated by The
Rivers Trust (2022) with support from public donations, The Fishmongers' Company's

Fisheries Charitable Trust and The Prince of Wales's Charitable Fund. Scale bar = 0.6 km/0.4

miles.

In addition to wastewater outfalls, three landfill sites border the Thames Estuary in
the vicinity of Erith: Rainham Landfill, Rainham Marshes and Camas Building Materials (Figure
2.3; Environment Agency, 2022a, b). Rainham Landfill/Veolia Ltd. has been in operation since
1998 and collects industrial, commercial and household waste; Camas Building Materials was

operational between 1977 and 2019; and Rainham Marshes is still operational.
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Figure 2.3. Three landfill sites (in red) border the Thames Estuary in the vicinity of Erith. A)
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2.2 Sample collection

All samples, including macro- and microplastic, were collected as part of one survey
spanning over two years (eight visits over the survey ca. 3 months apart). This is a novel

ecosystem-wide approach to monitoring both macro- and microplastics.
2.2.1 Sediment

An Ekman grab was deployed from the vessel Boy Daniel SD4 at Erith, Thames Estuary
(Figure 2.1). Three ca. 3 L sediment samples on each sampling session. Grab samples were
collected at slack water near to the shore at a depth of ca. 12 m (Supplementary Material,
S3). Sediment, covered by estuarine water, was stored in a sealed plastic container at room

temperature.
2.2.2 Biota

Fish and shrimp were collected from The Thames in the Erith area, during 15-minute
midwater and benthic trawls from fishing vessel Boy Daniel SD4. The trawl comprised a
standard mesh size of 80 mm with a fine 16 mm mesh insert. A maximum of ten trawls (five
midwater and five on the riverbed; depth of ca. 9-12 m) were collected each sampling session
(Supplementary Material, S3). On some occasions sampling quotas set by the MMO were met
prior to completion of 10 trawls. In these instances, no further trawls were conducted to limit
the negative impact on the ecosystem. Biota were identified onboard and stored on ice
overnight until they could be frozen the following morning at -20 °C. Fish were stored in plastic

bags, whilst shrimp and crabs were stored in plastic boxes.

Stranded marine mammals, including cetaceans and pinnipeds are reported to the UK
Cetacean Strandings Investigation Programme (CSIP), based at the Institute of Zoology,
Zoological Society of London with partners across the country, including at the Natural History
Museum (NHM). On an ad hoc basis, when marine mammals stranded in the broader Thames
area and were accessible for collection or dissection, they were included in the present study.
Individuals were only included if they were fresh and in good condition (ideally collected

within 48 hours of death).
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Sediment containing meiofauna was allowed to settle and left for ca. one hour so that
amphipods could create burrows and leave tracks on the surface. Amphipods were then
removed with forceps. This step was repeated until no obvious signs of amphipods remained.
To recover polychaetes from the sediment, a small piece of frozen tissue collected from the
fishes in the present study (post-dissection) was placed on the sediment surface near burrow
entrances. Polychaetes were collected with forceps when they emerged from the burrows.
Amphipods and polychaetes were stored in individual glass vials with plastic stoppers and
coated in filtered industrial methylated spirit (IMS). Polychaetes were identified using Fauvel
(1923) and Chambers and Garwood (1992). Based on the information available, the
Nereididae worms were assumed to be Hediste diversicolor. The species is common in the
estuary (Attrill, 1992) and Nereididae jaws thought to be H. diversicolor were found during
dietary analysis. Microplastic extraction was undertaken after the search for infauna was

completed.

2.2.3 Macroplastic

Large plastic items were collected from the Thames in the Erith area during the
midwater and benthic trawls described above. Debris items were stored in sealed plastic bags
and transported to the NHM for examination. The plastic was rinsed, measured along the
longest dimension (to the nearest cm), photographed and its morphology described (e.g.,
shape, colour). Where possible, the product (e.g., food packaging, plastic bottle), brand and
age of the item were identified. This was assisted by brand websites and Wikipedia. Where
logos were unfamiliar or damaged, outreach through social media was used to help identify
products. This is a novel citizen science approach to plastic identification and enables the
classification of a wider range of items and allows for the discovery of an increased variety of
sources (e.g., international sources). Images of the plastic item were shared on Twitter with
the hashtag #PlasticDetectives and tagging NHM and Royal Holloway University of London
(RHUL) accounts to maximise reach (Figure 2.4). This technique was used by other researchers
(Figure 2.4D) and the Plastic Detectives hashtag has been applied by National Geographic

Explorers.
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Figure 2.4. Examples of the Twitter citizen science initiative. Plastic items were identified

by members of the public using social media and verified by comparing the item with

images online. A) Nabeghlavi healthy water (Georgia); B) Colombina (Colombia); C) Prize

Yoghurt (ca. 1980-1990s); D) Plastic Detectives used by other researchers to ID plastic.
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The following equation was used to calculate catch per unit effort (CPUE).
CPUE=N/(15xn)

CPUE = number of items recovered per minute of sampling; N = total number of items
recovered in benthic or midwater trawls; n = number of trawls. For each sampling date, CPUE

was calculated for benthic and midwater trawls.
2.3 Material collected

During sampling, 1,115 fishes (17 species), 235 crabs (3 species), 1,206 shrimp (only Crangon
crangon identified), 384 amphipods (1 species), 76 polychaetes (1 species) and 24 ca. 3 L
sediment samples were collected. Of the collected biota, 816 fishes (ten species), 384
Corophium volutator, 367 Crangon crangon and 76 Hediste diversicolor were dissected. CSIP
recovered six grey seals (Halichoerus grypus), five of which were suitable for dissection, one

harbour porpoise (Phocoena phocoena) and two species of Mysticeti.
2.4 Dietary analysis
2.4.1 Fish and shrimp

Fish and shrimp were caught during a previous study (McGoran et al., 2018) from the
Thames Estuary between Thamesmead and the Isle of Sheppey in November 2015. A total of
118 fish and 116 shrimp were collected using beam trawls (mesh size 80 mm) as well as
trammel and fyke nets. After inspection for plastics, gut contents were stored in 70% ethanol.
Dietary analysis was conducted on Platichthys flesus, Merlangius merlangus, Solea solea and
pouting (Trisopterus luscus). Key prey items were identified in 85 P. flesus, 29 M. merlangus,
17 S. solea and 6 T. luscus. Fish were measured for standard length (to peduncle), greatest
depth and weighed as defined by FAO (1974). The diet of sampled individuals collected for
the present study were also examined for prey items during microplastic extraction. After
digestion, soft prey was destroyed but hard items, such as chitin, persisted. Identifiable prey

items were separated for identification.
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2.4.2 Seals and porpoises

When filtering marine mammal stomach contents, parasites, bone fragments, otoliths
and other hard prey items were removed for identification. For one H. grypus individual, a
sample of the stomach contents was removed and frozen until dietary analysis could be
completed with the help of Prof Dave Morritt (RHUL) and Ollie Crimmen (Senior Fish Curator,
NHM). This sample was collected as the stomach was still partially frozen during dissection
and contained partially digested fish. Removing this sample allowed for species identification.
Furthermore, if the fish stomach was still intact separate analysis of prey contamination was
possible. If no fish stomachs were intact, the fish remains were then soaked in boiling water
and cleaned with a brush. The fish bones were fixed in isopropanol for 48 hours and dried at
room temperature. The bones were then examined under the microscope and compared to
specimens from the NHM fish skeleton reference collection, images accumulated by the
senior fish curator (O. Crimmen) and Watt et al. (1997). The size of fish prey items was

estimated from otoliths using Harkonen (1986) and Camphuysen and Henderson (2017).
2.4.3 EcoPath with EcoSim Model comparison

The trophic levels assigned in the present study through qualitative assessment of
abundant prey in the diet was compared to the numerical trophic levels assigned by the
EcoPath with EcoSim Model (v6.6.16540.0 North Sea 1991-2013) (ICES, 2017; Mackinson et
al., 2018).

2.5 Sample processing
2.5.1 Digestion protocol development

With a growing interest in the monitoring of plastic pollution, it is necessary to develop
a standard approach to the extraction of microplastics (Lusher and Hernandez-Millian, 2018;
Lusher et al., 2020b; Lu et al., 2021; Morgado et al., 2022). Nevertheless, the methods
currently used to extract microplastics from the digestive tract of organisms vary greatly
(Lusher et al., 2017), except for standardised seabird monitoring by OSPAR and proposed

monitoring in the Arctic (Provencher et al., 2022). It has been noted for a long time that there
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is a lack of consistent protocols (Arthur et al., 2009). It is often agreed that digestion is a
beneficial step for isolating microplastics (Lusher et al., 2017). Lusher and Hernandez-Millian
(2018) proposed that extraction protocols, specifically focussed on marine mammals, must
be easy to use and able to be adapted to answer different research questions and allow cross-
disciplinary research. The aim of the present study was to determine an efficient and simple
protocol for the extraction of plastics from the GIT of fish and other fauna. The hypotheses
tested were that 1) one or more protocols will be more effective at recovering microplastics
from organic samples and; 2) one or more tests will be more cost effective than the other
trials. The most effective protocol, both in terms of microplastic recovery and cost, would

then be implemented.

Phase I: digestion of organic matter using chemicals

KOH, 10% is one of the most widely used chemicals for the digestion of organic matter
when extracting microplastics. The technique was first described by Foekema et al. (2013)
and has been used in recent studies (e.g., Zhao et al., 2016). In some instances, it was reported
as successfully digesting material in as little as two days (Karami et al., 2017; Kiihn et al., 2017).
Organic matter (gut contents from fish) was covered with KOH three times the volume of the
organic matter and left to digest at room temperature for 2—3 weeks. Dehaut et al. (2016)
tested the procedure and concluded that the digestion time was not suitable for large scale
studies. Instead, Dehaut et al. (2016) recommended digesting material (fish, crab and mussel
tissues) at 60 °C for 24 hours. Similar adaptations have commonly been adopted (Rochman et
al., 2015; Phuong et al., 2018). Phuong et al. (2018) reported that less than 1% of mussel tissue
remained after digestion in 10% KOH. One distinct benefit is that, unlike many chemical
digestions, KOH does not damage most polymers (Dehaut et al., 2016; Karami et al., 2017;
Kihn et al., 2017; Lusher et al., 2017). It has been noted, however, to cause discolouration to
PA and degrade cellulose acetate, PES and PE (Dehaut et al., 2016; Karami et al., 2017; Kihn
et al., 2017; Lusher et al., 2017). To reduce the damage to polymers, lower molarity and
reduced temperatures have been used (Karami et al., 2017; Kiihn et al., 2017). It has also been
observed that digestion of lipid-rich tissues in KOH can produce an oily residue (Lusher et al.,

2017).
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Nitric acid (HNOs) has also been trialled in multiple studies to digest organic matter
for the extraction of microplastics, including digestions of zooplankton (Desforges et al.,
2015), crustaceans (Devriese et al., 2015), bivalves (Claessens et al., 2013; Van Cauwenberghe
and Janssen, 2014; De Witte et al., 2014; Van Cauwenberghe et al., 2015) and fish (Karami et
al., 2017). Claessens et al. (2013) used HNOs to digest samples overnight at room
temperature, followed by two hours of boiling. The results demonstrated that the digestion
could recover both PS microbeads and PA fibres (Claessens et al., 2013). Desforges et al.
(2015) modified the protocol to reduce risk of plastic destruction and concluded that HNOs
was the most effective digestive agent for the removal of organic matter. At room
temperature, some tissue remained, but when heated to 80 °C all tissue was digested in 1
hour. Phuong et al. (2018) also reported that almost all organic matter was digested by HNO3
(less than 1% of tissue remained), but demonstrated that the digestion was successful at room
temperature as well as when heated to 50 °C. In contrast, Karami et al. (2017) digested fish
tissue in 5% and 69% HNOs and found that 10% KOH at 40 °C was a more suitable digestive
agent. Nevertheless, HNOs proved to successfully digest almost all organic matter (69% at
room temperature; Karami et al., 2017). Desforges et al. (2015) hypothesised that HNO3
heated to 80 °C for even as little as 30 minutes could result in the destruction of some
polymers (PA and PET) and biopolymers (acetal and polyetheretherketone). HNO3 has been
shown to damage some polymers, such as PE, PS and PA (Catarino et al., 2016; Dehaut et al.,
2016; Karami et al., 2017; Lusher et al., 2017), and can leave a residue on recovered plastics

that hinders identification (Desforges et al., 2015; Lusher et al., 2017).

Phase ll: digestion of organic matter using enzymes

Enzyme digestions are becoming an increasingly more popular approach to
microplastic extraction (e.g., Cole et al., 2014; Nelms et al., 2018). Some enzymes, such as
Proteinase K, are costly and although effective are not always efficient. Museums have used
enzyme macerations to prepare skeletons and a similar approach can be applied to the
extraction of plastics. Concentrations of 2.3% to 13.3% savinase and lipex have been used to
digest rodent flesh (Simonsen et al.,, 2011; Eriksen A.M. et al., 2013). This will be the first

application of these enzymes to microplastic analysis.
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2.5.1.1 Materials and methods

To optimise the extraction of microplastics from the digestive tracts of estuarine biota,
it was necessary to compare common digestive protocols. The contents of the alimentary
canal from fish were used in all digestions. Fish were sampled using a beam trawl (mesh: 50
mm) in the Firth of Clyde in November 2015 and May 2016. Overall, 16 species of fish were
collected, totalling 565 individuals. The material collected from the fish was visually examined
for plastics in a previous study (McGoran et al., 2018). The gut contents were stored in 70%
ethanol in 50 ml Falcon™ tubes sealed with Parafilm® until use. A subset of 405 pooled

individuals (15 species) was used for the digestion analysis (Table 2.1).

Table 2.1. Fish collected from the Firth of Clyde, Scotland in November 2015 and May 2016
(McGoran et al.,, 2018) used in the present thesis for the development of a digestion

protocol. Full breakdown between samples found in supplementary material (S4).

Species Frequency
Limanda limanda 199
Pleuronectes platessa 68
Hippoglossoides platessoides 54
Platichthys flesus 39
Glyptocephalus cynoglossus 20
Myoxocephalus scorpius 5
Melanogrammus aeglefinus 4
Taurulus bubalis 3
Agonus cataphractus 3
Scyliorhinus canicula 2
Merlangius merlangus 1
Solea solea 1
Chelidonichthys cuculus 1
Phrynorhombus norvegicus 1
Trisopterus minutus 1
Pholis gunnellus 1
Gadus morhua 1
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Reference materials were collected from Barnet Europe for the spiked recovery tests.
Three polymers were selected: PP (Barnet Europe, FIL HIGH TENACITY, dtex 466 f 72, Type:
FZEK040); PES (Barnet Europe, FIL HIGH TENACITY, dtex 110 f 24 Type 390A, Type: XNDKO009)
and PA (Barnet Europe, nylon 66 FIL HIGH TENACITY, dtex 000470 f 140, Type: AICK028). PP
and PES were selected as these polymers are some of the most common in the environment.
PA was chosen as it is a less robust polymer and more likely to degrade with chemical
treatment. It was proposed that if PA could be recovered, then all sensitive polymers would
also likely be persistent. It was decided that the reference materials would be fibres rather
than pellets or microbeads as fibres are most commonly recouped from biota and are more

sensitive to digestions.

Phase | digestions

Phase | digestions (KOH, 10% at 60 °C; HNOs;, 69% at room temperature) were
conducted on 15 ml of gut contents with 15-45 ml of the respective digestive agent. It took
between 8 and 53 fish to make 15 ml of material. On average, each 15 ml sample contained
the gut contents of 47.5 fish. Each sample was spiked with ten fibres of PP, PES and PA for a
total of 30 fibres cut to ca. 1 mm in length. Five replicates were run for each digestion

protocol.

The addition of HNOs to organic matter resulted in the formation of a foam. The
volume of foam produced by sample one was sufficient to cause the entire sample to
overflow. Sample one was therefore removed from analysis. Claessens et al. (2013) reported
a similar loss of material when using a combination of HNOs3, hydrogen peroxide and sodium
hydroxide. To reduce foam production in the remaining samples, HNO3 was added in small

volumes (500 ul to 2 ml every 0.5-1.25 hours).

Organic material was allowed to digest in KOH or HNOj3 for two days (46 hours) in a
water bath. After digestion, contents were diluted with 100 ml of filtered distilled water and
vacuum filtered through glass fibre filters (Whatman™, grade GF/C, size 4.7 cm). Filters were

then searched and microfibre counts recorded.
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Phase Il digestions

Additional tests were run using a dry weight of 1 g of gut contents to maximise sample
size. This volume is a more realistic estimation of fish gut size and therefore provided more
applicable results than tests in phase I. Gut content samples were dried in an oven (Raven
100L, LO/RAV/09/1) overnight at 50 °C for a minimum of 12 hours. Once dried, the samples
were transferred to a desiccator (Secador) for a minimum of two hours. Samples were spiked
with ten fibres of PP, PES and PA (30 in total) cut to ca. 5 mm in length. Four digestion
protocols were compared: 10% KOH, 10% protease and lipase (enzyme solution 1: 5 ml
savinase, 5 ml lipex, 90 ml filtered distilled water), 5% protease (enzyme solution 2: 5 ml
savinase, 95 ml filtered distilled water) and 2% protease (enzyme solution 3: 5 ml savinase,
295 ml filtered distilled water). Five replicates were run for each digestion protocol. These

digestions were filtered and searched using the methodology previously described.

The KOH samples were checked after 24 and 48 hours. Digestion continued for an
additional 3—148 hours (8-day/196-hour maximum digestion). Samples were checked at
several time intervals to determine the optimum time for digestion. Phase | digestions
demonstrated that 48 hours was sufficient to digest organic material but did not provide
information on whether a shorter period would achieve the same level of digestion or
whether a longer period would be more successful. As enzyme digestions were expected to
be faster, optimum time for digestion by KOH was key for comparison. Samples digesting in
enzyme solution 1 were checked after 1 hour and allowed to digest for a further 1.5-162
hours (1 week/163 hour maximum digestion). Enzyme solutions 2 and 3 were allowed to

digest for 2—26 hours (1 day).

A subset of fibres was analysed using micro-FTIR on an AutolIMAGE FT-IR Microscope
System from PerkinElmer. Fibres from the longest digestion of each treatment were analysed
to confirm that spiked polymers were recovered. Polymer identity was confirmed by
comparing scanned spectra with a library of spectra from known materials built internally by

NHM Scientific Associate Mark Underhill.

Statistical analysis was conducted using R version 3.4.2 (R Core Team, 2017). The two

most efficient digestion protocols were compared with a t-test. Two tests were run which
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compared fibre recovery and digestion effectiveness. Normality was tested with a Shapiro-

Wilk test.

A qualitative test was also run after digestions. For PP and PES, 10 cm of yarn
(collective of fibres wound together and not separated) were immersed in 10% KOH and
placed in a 60 °C oven for 2 days. Controls were also set up where yarn was immersed in water
and heated for 48 hours. The yarn was then observed under a binocular light microscope,

followed by FTIR analysis.
2.5.1.2 Results

Phase | digestions

Digestion with 10% KOH resulted in 26-51% reduction in material (average: 36.6%,
Table 2.2). The water level in the bath, however, dropped overnight due to evaporation,
despite a foil cover being in place. It was noted that this would result in an inconsistent
temperature and therefore an unpredictable digestion. As such, the KOH digestion was

repeated in phase Il.

Table 2.2. The proportion of fish stomach contents digested by phase | protocol tests during
a 46-hour period. The digestion efficiency could not be calculated for all samples in test 2

due to foam production by HNO:s.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Test 1- KOH 51% 67% 36% 38% 26%
60°C
Test2 — N/A N/A N/A N/A N/A
HNOs at
room
temperature

HNOs proved to be an ineffective digestive agent, producing a high volume of foam

during digestion. All samples experienced partial overflow during the addition of HNOs. The

digestive agent had to be added in such small quantities that it took over a day to reach 15 ml
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of solution. This was much less than the recommended 45 ml (three times the volume of
organic material; Foekema et al., 2013). The foam produced during the digestion resulted in
samples being contaminated by plastics in the laboratory and prevented the digestion from
being quantified. As such, it was not possible to record the proportion of material successfully
digested by HNOs. Claessens et al. (2013) noted that foam was only produced when HNO3
was cold. But, HNO3 was observed to be destructive to some polymers at room temperature
in this present study. Filtering the acid resulted in the mesh dissolving immediately. It was
decided that heating the acid would only increase the degradation of plastics. Furthermore,

HNO3 was deemed too destructive for microplastic analysis.

Quantification of these protocols was difficult due to foam production by HNO3 and
the imprecise measure of volume using Falcon™ tubes. Organic matter was also insufficiently
digested, often blocking filters. It took over four hours to search half of one filter from a HNO3
digestion. Due to the time taken to search one filter and the potential for contamination by
foam, no other filters were searched in the phase | digestions. To overcome this problem,

phase Il digestions used a smaller volume of material and did not include HNOs.

Phase |l digestions

The results of the digestion protocols are summarised in Table 2.3. KOH digested
between 26% and 67% of organic matter (average: 43.6%) and resulted in the recovery of 67—
93% of fibres (average: 83.4%). Samples in enzyme solution 1 were digested 43-54% of
material (average: 46.6%) and 77-100% of fibres were recovered (average: 90.8%). Enzyme
solution 2 resulted in the digestion of between 3% and 21% of material (average: 11.6%).
Between 40% and 87% of fibres were recovered (average: 73.4%). Enzyme solution 3 digested
between 3% and 22% of material (average: 7.5%) and 67-107% of fibres were recovered

(average: 84.8%).
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Table 2.3. The proportion of fish stomach contents digested by phase Il protocol tests and
the time taken for each digestion to occur. The digestion efficiency for test 3 sample 5 could

not be calculated due to an error in initial mass recording.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Test 1- KOH | 2 days 2 days 1 week 1 week 1 week
60 °C 51% 67% 36% 38% 26%
Test 2 — 2.5 hours 2.5 hours 1 day 1 week 1 week
enzyme 43% 45% 44% 54% 47%
solution 1 50
°C
Test 3 — 2 hours 2 hours 2 hours 1 day 1 day
enzyme 8% 10% 16% 3% 21%
solution 2 50
°C
Test4 — 2 hours 2 hours 2 hours 1 day 1 day
enzyme 3% 3% 2% 22% N/A
solution 3 50
°C

Comparison of phase | and Il digestions

The Shapiro-Wilk test found that digestion effectiveness was not significantly different
from a normal distribution (w = 0.97495; p = 0.9325). Similarly, fibre recovery was normally
distributed (w = 0.94565; p = 0.6174). T-tests revealed no significant difference between fibre
recover (t =-1.1989; df = 7.874; p = 0.2654) or digestion effectiveness (-0.40855; df = 4.6132;
p = 0.7011) between KOH digestion and enzyme digestion with solution 1. Mean digestion
effectiveness was 43% and 46% with KOH and enzyme solution 1 respectively. Fibre recovery
was 83% and 91% respectively. The results of digestions in KOH and enzyme solution 1 are

summarised in Table 2.4.

FTIR analysis identified recovered fibres from KOH 2-week digestions as PP and PA.

PES was not recovered and PP showed signs of clumping and possible melting (Figure 2.5).
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PES was recovered from 2-day digestions. All polymers were recovered from enzyme

digestions and showed no signs of damage.

Visual examination revealed no discolouration, clumping or degradation of PP or PES
fibres from yarns placed in water or KOH at 60 °C for 2 days. It was observed that a residue
was present on all samples stored in KOH (Figure 2.6). To test whether when dried this residue
caused fibres to clump together, the yarn was removed from the solution, placed in a Petri
dish and dried overnight at 60 °C. Studying the dried fibres under the microscope
demonstrated that the residue, when dry, caused fibres to adhere to one another and made
it difficult to separate them. The fibres, however, were not melted together by the KOH
digestion. Analysis with FTIR showed that the spectrum produced by each polymer did not
differ between the control and digested fibres. All fibres could be accurately identified by
comparison to the library of spectra. The spectrum produced by the dried residue did not

match PES or PP.

Table 2.4 compares the remaining phase Il digestions to determine the optimal

technique for the extraction of microplastics from stomach content.

Table 2.4. A comparison of digestion efficiency, optimal duration, polymer recovery and

cost for KOH and enzyme solution 1 digestions of fish stomach contents.

KOH Enzyme solution Optimal choice
Greatest proportion 67% 54% KOH
of sample digested
Average proportion 43.6% 46.6% Not significantly
of sample digested different
Optimal duration of 2 days 2 hours Enzyme solution
digestion
Average proportion 83.4% 90.8% Not significantly
of fibres recovered different
Cost per 100ml of Ca.£0.14 Ca.£1.70 KOH
prepared solution
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Figure 2.5. PP fibres recovered from 10% KOH digestion after 2 weeks. Fibres appear to be
clumped and broke when attempted to separate. A) Observed under a binocular

microscope, scale unavailable; B) Observed with micro-FTIR.

57



Figure 2.6. A residue was present on all samples stored in KOH. A) PP fibres from control
sample; B) PP fibres from KOH digestion with residue present; C) PES fibres from control
sample; D) and E) PES fibres from KOH digestion with residue on fibres and suspended in

KOH. Scale unavailable.
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2.5.1.3 Discussion and conclusion

A limitation of the protocols tested is that smaller particles are probably overlooked
and therefore published values are likely to be an underestimate of plastic abundance
(Hidalgo-Ruz et al., 2012; Connors et al., 2017). It is important to note that plastic abundance
increases with decreasing size of particles (Shim et al., 2018). To quantify these lower size
fractions, Eriksen M. et al. (2013) used scanning electron microscopy. Their study reported
that, on average, in the surface water of a freshwater system there were 43,000 particles per
km? and a maximum of 466,000 particles per km?2. Another method for recovering smaller
particles is the use of pyrolisis-gas chromatography/mass spectrometry (Py-GC/MS). By
combining Py-GC/MS with microwave-assisted extraction, Hermabessiere and Rochman
(2021) were able to detect particles down to between 0.002 pg and 0.18 pg. These methods

could not be implemented in the present study but could be explored in the future.

HNOs is an unsuitable reagent for microplastic extraction from biota as it is highly likely
to damage the polymers before recovery. Indeed, Gulizia et al. (2022) found HNOs to be the
most damaging of several commonly used chemical digestions. Equally, enzyme solutions 2
and 3 are not recommended. These solutions are ineffective at removing organic matter

during digestion and therefore do not aid microplastic recovery.

KOH and enzyme solution 1 digestions produced comparable results with respect to
digestion effectiveness and plastic recovery. Duration of digestion and cost, however, differ
greatly between the two. The present study provides evidence that KOH, especially if used
for a week, could degrade PES. Lusher et al. (2017) reported that KOH heated to 20 °C could
damage PES even at concentrations as low as 1%. Despite this, Lusher and Hernandez-Millian
(2018) recommend KOH as the most effective technique currently available for digesting
biological material, with a focus on marine mammals. Their study highlighted its low cost,
ease of use and availability. Additionally, it is the most implemented approach allowing for a
comparison with a range of studies (Lusher and Hernandez-Millian, 2018). Initial tests
suggested that PP might be partially digested by KOH causing fibres to melt together into
clumps. Lusher et al. (2017) reported that PP should be resistant to KOH even at 50% heated
to 50 °C. Drying the fibres after KOH digestion, however, revealed that the clumping effect

was the result of dry residue. FTIR analysis confirmed that during a 2-day digestion, PP, PES
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and PA could all be recovered effectively and that the oily residue produced during the
process did not impact identification of plastic. Although the residue may make counting and
separation of fibres more complicated. Given that shorter digestions pose no risk to plastic,
the optimal digestion protocol must be determined by the efficiency of the digestion. In this
instance, efficiency is defined by the speed of digestion for a given cost of solution. Enzyme
solution 1 costs 12 times as much as KOH for an equivalent digestion. It takes just two hours
to complete the digestion with enzymes, to justify the cost KOH would need to take more
than 12 times longer. If using a two-day digestion, then this is the case. It is, however, possible
to reduce KOH digestions to 24 hours or overnight, which is commonly reported in the
literature, e.g., Prata et al. (2021). When implementing an overnight digestion of KOH, the
speed of enzyme digestions no longer justifies the difference in cost. Furthermore, the
enzymes used in the present protocol development are not as widely available as KOH, which
can be purchased by researchers worldwide. Whilst other enzymes are available, their cost
will vary. Given the scope of this thesis and the predicted difficulty in producing suitable
guantities of enzymes for marine mammal digestive tract digestions, it is recommended that
future analysis be conducted using a KOH digestion. In addition, it is suggested that perhaps
a shorter overnight would reduce the chance of PES degradation. Ultimately, it is necessary
to harmonise protocols to allow for comparisons between regions and research groups.

Consequently, KOH is a more viable option.
2.5.2 Microplastic extraction
2.5.2.1 Sediment

For sediment samples, microplastics were extracted by following the density
separation protocol outlined by Coppock et al. (2017). Five 50 g (ca. 45-50 ml) sub-samples
of sediment were collected from each ca. 3 L grab sample. Exceptions included sediment
samples collected on 4" December 2018 and 19t December 2019. Two of the three grab
samples collected in 2018 were less than 3 L and were insufficient for subsampling. Therefore,
as many subsamples as possible were collected from these grab samples and the remainder
of subsamples were made up from the remaining successful grab. The grab samples collected
in December were all 3 L, however, due to lab access restrictions with the Covid-19 pandemic,

only two subsamples were collected from one of the grabs instead of the full five. This
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resulted in 12 samples instead of the 15 collected for all other sampling trips. Each 50 g sample
was suspended in 700 ml of filtered 1.5 g cm3 zinc chloride (ZnCl,) solution. A magnetic stirrer
plate agitated the sample for 5 minutes which was followed by a 5-minute settling period.
After this settling period, three rapid pulses of the magnetic stirrer were used to displace and
trapped air bubbles. The solution was allowed to settle until no sediment was suspended. This
ranged from 15 minutes to, on one occasion, 7 hours. When all the sediment had settled, the
ball valve was closed and the solution vacuum filtered through a 32 um white nylon filter with

a vacuum pump and dried at 50 °C in glass Petri dishes.
2.5.2.2 Biota

Biota were defrosted prior to dissection. Fish and crabs were defrosted overnight or
on the morning of dissection. Marine mammals were left covered outside to thaw for ca. 48—
72 hours. Shrimp were defrosted in one hour. The mass (Ohaus ranger 3000 balance, nearest
0.1 g), length (to nearest mm) and sex of each individual was recorded. In addition, for crabs,
carapace width was measures at the widest point between the 4t pair of anterolateral teeth
with a rule (to nearest mm). The standard length, total length (to tip of hind limb) and axillary
girth were recorded for all seals as described by Committee on Marine Mammals (1967).
Through dissection, the digestive organs (GIT and stomach/GM) and gills of the fishes and
crabs were recovered, each was placed in separate 50 ml Falcon™ tubes. The GM was opened
prior to digestion to allow the solution to reach the material inside. Shrimp and amphipods
were cut in half dorsoventrally to expose the GIT and gills and then individually stored in 50

ml Falcon™ tubes. Polychaetes were processed whole.

Seals and porpoises were dissected at the NHM following Pugliares et al. (2007). In
addition, the condition of the specimen and any scars, wounds and parasites were recorded.
Parasites were collected for the NHM collections. Further samples, including tissue, stomach
contents and puss, were collected for molecular analysis and for the NHM collections. The
entire GIT was removed and was split into compartments (e.g., fore stomach, pyloric stomach,
intestines) with cable ties used either side of each compartment to prevent contamination
once cut. This also allowed for independent examination of each compartment. The stomach,
and each of its sections if appropriate, was examined separately to the intestines. The latter

were examined in sections a few inches long. The GIT lining was rinsed with filtered water and
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examined for parasites. The GIT content was rinsed onto a 300 um metal sieve. It is therefore
likely that small microplastics will be missed in the present study. It was, however, not feasible
to filter the contents through a small sieve without it clogging. The contents needed to be
filtered to extract parasites for the NHM collections and to aid diet analysis. Once filtered, the

GIT content was stored in multiple 50 ml Falcon™ tubes ahead of microplastic extraction.

The baleen whales could not be transported to the NHM for dissection. Instead, post-
mortem examinations were conducted in the field by CSIP, collected under contract to
Department for Environment, Food & Rural Affairs (Defra) in 2019. All post-mortem
investigations were conducted using standard operating procedures; cetaceans were moved
to and examined at a PLA managed facility at Erith. During the examination, baleen samples
were collected and if there were signs of recent feeding, the gastrointestinal tract was
sampled. Six and ten baleen plates were collected from Megaptera novaeangliae and

Balaenoptera borealis, respectively. No stomach samples were collected.

Digestion

Each 50 ml Falcon™ tube was filled with 10% KOH solution, so that the GIT, gills, GM,
shrimp, amphipod or polychaete sample was completely immersed. Digestion occurred
overnight at 50 °C with the exception of crabs which were digested at 60 °C. After digestion,
the solution was filtered through a 32 um white nylon filter with a vacuum pump and the
tubes were rinsed three times or until all visible material was removed. Filters were dried at
50 °C in glass Petri dishes. Once dried, these were sealed with Parafilm® until they could be

visually inspected for plastic.

Baleen plates were separated with a clean scalpel and rinsed with filtered water. The
filtrate was collected in a 3 L plastic container. The keratin fringe of each plate was briefly
inspected under the Leica MZ 6 microscope using mounted pins and any items remaining on
the plates after rinsing were recovered. The filtrate from each plate was vacuum filtered
across two 32 um nylon filters and briefly dried in a 50 °C oven. Once dried, samples were

sealed in glass Petri dishes with Parafilm®.

Filters were visually examined under a Leica MZ 6 dissection microscope using

mounted pins and forceps using 16—64 times magnification with a detection limit of 32 um.
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Plastic items were identified with reference to Lusher et al. (2020a). All recovered items were
photographed and either stored in individual glass specimen tubes with plastic stoppers or on
damp filter paper in a sealed plastic Petri dish with a diameter of 90 mm. The latter was used
for a few sediment samples only. Items were described by colour and shape and were
measured (length and width) using Image J version 1.52a (Rasband, 2018). Shape was
classified as either a film, fibre, fragment or a tangle of fibres. In some instances, items did
not fit these criteria and were listed as ‘other’. This category contained three resin-like,
putties that do not fit within current classification (Rochman et al.,, 2019). Due to time
constraints as a result of the Covid-19 pandemic not all particles could be measured in Imagel.
Plastics that were analysed with FTIR were prioritised as they comprised a representative

subset of samples (described below).

Tangles of fibres were weighed on a Sartorius MC5 balance (to the nearest 0.001 g)
and an estimate of the number of items in the tangle calculated. Counting and photographing
all items recovered from one tangle comprising over 100 items took several hours.
Consequently, it was deemed impractical to precisely document all items from some tangles,

instead estimates were made of their abundance.

The proportion of samples containing microlitter, the frequency of microlitter
abundance and the diversity of items, as defined by the number of forms (shape and colour

combinations) of plastics in a sample, was reported.
2.6 Microplastic identification with FTIR

A representative subset of 10% of these particles was analysed by FTIR and compared
to commercial and in-house spectral libraries (Supplementary Material, S1). The subsample
comprised 10% of each previously assigned colour and shape combinations for each species
studied as well as sediment (i.e., 10% of red fibres were analysed from P. flesus as well as 10%
from sediment samples). Two FTIR instruments were used for infrared analysis of
microplastics. The libraries used to identify polymers, however, were consistent for all
analysis. A PerkinElmer Spectrum One FTIR spectrometer, with an AutolIMAGE FTIR
Microscope System PerkinElmer attachment was initially used alongside OMNIC Picta.
Individual items from the subset of plastics were individually analysed with a background

spectrum collected before analysis of every item. A total of 16 scans were collected for each
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item, with the average result being used to generate an absorption spectrum between 500
and 4,000 cm™. Later samples were analysed with a Nicolet iN10 MX Infrared Microscope in
OMNIC Picta. Absorption spectra were collected with an MCT-A detector over 16 scans at a
resolution of 4 cm™ in the range 650-4,000 cm™. Similarly, a background spectrum was
collected before analysing each item. Both instruments were cooled with liquid nitrogen to
collect the clearest spectra. Polymer identity was confirmed by visual comparison with library
spectra rather than with a percentage match threshold. Where recorded, a percentage match

is also reported in the data.
2.7 Quality assurance
2.7.1 General controls against contamination

All work was conducted in a clean laboratory with sticky contamination control mats
at the entrance. Only 100% cotton clothing and 100% cotton laboratory coats were permitted
in the clean laboratory. The cotton laboratory coat was dyed purple to better identify
contamination and reduce the number of white fibres present in controls. All work was
conducted in a laminar flow hood. All doors were kept shut to reduce airborne contamination
from adjoining spaces. All equipment was washed three times with filtered distilled water (32
um metal sieve) and examined under a dissection microscope before and between dissections
and visual examinations. Glassware was triple rinsed with filtered distilled water. When
samples were required to be diluted, filtered distilled water was used. For all work nitrile
gloves were worn. Procedural blanks of filtered distilled water were run for all preliminary
digestions. Blanks were left for the duration of the longest digestion. In addition, empty Petri
dishes were used to record airborne contamination during dissections, digestions, filtration
and visual examination. Potential sources of contamination highlighted by these measures
were removed from the laboratory. All samples remained covered, whenever possible,
including in the oven, during filtration, digestion and density separation. Filtered samples
were covered by Petri dish lids and sediment-microplastic isolation units were covered with

foil.
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2.7.2 Controls for sediment samples

In addition to the above controls, prior to each density separation, the sediment-
microplastic isolation units were primed with 700 ml ZnCl; solution following the protocol of
Coppock et al. (2017). The solution was filtered and the filter discard along with any
microplastics collected. This ensured the unit was free from contamination prior to collecting

samples and controls.

Contamination in procedural blanks was averaged and removed from all samples.
Whilst for airborne contamination, each control was averaged for the samples processed at
the time of the control. This was to account for days when the laboratory was shared and
contamination was expected to be higher. It is assumed that this approach was more accurate

than applying average contamination to all samples.
2.7.3 Controls for biota samples

Due to limited space, marine mammal necropsies could not be conducted in the clean
laboratory. Instead, for pinnipeds and porpoises, which could be transported to the NHM for
dissection, everyone involved was required to wear orange or white DuPont Tychem F
coveralls. Those undertaking the internal examination of the seal wore orange, whilst people
only contributing to the external examination wore white. Work surfaces were wiped down

with 80% ethanol and a cellulose tissue prior to any work taking place.
2.7.4 Correcting for contamination

Samples were corrected for recorded contamination based on particle form, e.g.,
corrected for red fibres, fragments etc. recovered from controls. Contamination in procedural
blanks was averaged and removed from all samples. Whilst for airborne contamination, each
control was averaged for the samples processed at the time of the control. This was to
account for days when the laboratory was shared and contamination was expected to be
higher. It is assumed that this approach was more accurate than applying average

contamination to all samples.
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2.8 Conclusion

The Thames Estuary has many potential sources of plastic pollution. Macro- and
microplastics are abundant but have previously only been studied independently of each
other. By applying the protocols described in the present chapter, macro- and microplastics

will be quantified in the estuary and the most polluting sources will be identified.
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Chapter 3
Macrodebris in the Thames Estuary
3.1 Introduction

Monitoring litter and identifying its sources is crucial to addressing how it leaks into
the environment and determining the effectiveness of mitigation measures (Ryan et al.,
2020). Monitoring microplastics to determine the success of measures to reduce plastic
entering the environment poses technical issues due to their small size and difficulty assigning
to a source. As such, combining macroplastic and microplastic monitoring would couple the

identification of sources of plastic and identifying the risk from microplastics.

Macroplastic records often focus on shorelines (e.g., Storrier et al., 2007; Blettler et
al., 2019; Fischer, 2019; Thames21, 20193, b; Bernardini et al., 2020) and surface waters (e.g.,
Crosti et al., 2018; Gonzalalez-Fernandez et al., 2018; Castro-Jiménez et al., 2019; Van
Emmerik and Schwarz, 2019; Vriend et al., 2020) due to ease of access and observation.
However, macroplastics are also present in the sub-surface water column, on the seafloor,
and riverbeds accumulating near urban centres and in gyres (Barnes et al., 2009; Eriksen et
al., 2014; Morritt et al., 2014). Additionally, coastal plastic can originate from land and sea-

based sources as well as travelling large distances (Chassignet et al., 2021).

Whilst monitoring plastic on beaches and the foreshore is relatively easy, shorelines
are complex systems with dynamic fluctuations in plastic accumulation and the foreshore may
only provide evidence for plastic trapped in the riverine system and not for plastic moving out
to sea. An alternative approach to address local plastic inputs is to sample riverine plastic.
This sampling strategy can determine runoff from land-based sources and assess the

effectiveness of mitigation on land (Ryan et al., 2020; Winston et al., 2020).

Rivers transport thousands of tons of plastic to the sea. For example, in European
rivers, an average of 250 items are transported to the sea per hour (Van Calcar and Van
Emmerik, 2019). Furthermore, Gasperi et al. (2014) reported that, per Parisian, up to 8.2 g of
plastic was floating in the River Seine per annum. This is equivalent to every inhabitant of
Paris throwing a plastic bottle in the river every year (Recycling Today, 2015; American Samoa

Power Authority Material Management Office, online).
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Models have determined that the main factors affecting plastic discharges from rivers
are the distance of the river from waste sources, land-use and the relative length of an area’s
coastline. For instance, countries with a small surface area compared to the length of their
coastline, such as the Philippines, are estimated to discharge more plastic waste from their
rivers. Indeed, seven of the ten most polluting rivers modelled by predicted by Meijek et al.
(2021) are in the Philippines. Despite their importance for plastic transport, few studies focus
on freshwater environments (13%) and the majority (76%) focus on microplastics rather than
macrodebris, which is often not categorised in rivers (Winton et al., 2020). Additionally, waste
compositions are significantly different in marine and riverine environments, thus monitoring
one without the other fails to address all sources and endpoints of plastic pollution (Winton
et al., 2020). Even fewer studies address seasonal variation in plastic abundance in rivers (Van
Calcar and Van Emmerik, 2019). Since rivers are not static systems and are greatly influenced
by seasonal changes, such as weather patterns, ongoing monitoring through the year is key

to our understanding of plastic impacts and fate.

Using product and brand audits, developed through these monitoring strategies, can
further highlight the target audience to maintain impact. This could be through legislation on
product’s manufacture, levies on its purchase or public educational campaigns. It is important
to note that an audit such as this cannot prove intent to litter but can demonstrate if particular
products or waste streams are most commonly polluting a river. This is pertinent as stopping
plastic at source is more achievable than removing it from the environment. Certainly, it is

easier to target sources of macroplastic pollution compared to microplastic.

As a heavily urbanised river, with a large population within its catchment, the River
Thames is at risk of plastic pollution and therefore, is an ideal location to perform a brand
audit survey. Additionally, the Thames feeds into an OSPAR region (Region II: the greater
North Sea) which is monitored for marine litter (OSPAR Commission, 2014) and comparisons
could be made between datasets. Furthermore, citizen science projects have collected long-
term records of litter on the Thames foreshore (e.g., Fischer, 2019; Thames21, 2019b;
Bernardini et al., 2020), though records of plastic pollution in the river are limited. Perhaps
the only study to investigate subsurface plastic occurrence is Morritt et al. (2014). The study
reported that large numbers of items were flowing along the Thames riverbed. There is even

less evidence for plastic present in the water column with a single study on micro- and
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mesoplastics in surface water at Greenwich and Putney (Rowley et al., 2020). Macrodebris,
however, was not reported. Surface macroplastics are collected by the PLA who employs a
fleet of passive debris collectors which were constructed to retain surface water driftwood
and debris but increasingly plastic is recovered. Sub-surface plastic is unmonitored, largely

due to costs and restrictions on boating activity in the tidal Thames.

The present chapter aimed to address the gaps in knowledge highlighted above.
Firstly, since there is no ongoing monitoring of plastic in the River Thames, only ad hoc citizen
science collections along the foreshore, this chapter will quantify plastic abundance providing
some baseline data building on evidence gathered by Morritt et al. (2014). Secondly, the
present chapter aimed to provide the first evidence of sub-surface macroplastic pollution
suspended in the water column. Comparisons were made between this midwater plastic and
the concentrations on the riverbed. Lastly, seasonal variation in macroplastic abundance was
recorded through repeat sampling in the estuary. Comparison of seasonal samples aimed to
highlight the factors affecting plastic accumulation in the river as well as potential sources of
pollution. For instance, glitter was more abundant in the Thames following celebratory events
and festivals, such as LGBT+ Pride in London (Rowley et al., 2020). Hence, the hypotheses of
this chapter are 1) macroplastic will be abundant in the Thames Estuary; 2) macroplastic will
be more abundant on the riverbed compared to the water column and 3) macroplastic

abundance will not vary seasonally, with plastic abundant in the estuary all year round.
3.2 Materials and methods

Macrodebris was collected as described in Chapter 2. Once collected, samples were
cleaned and sorted into categories. Where possible, brands and other interesting details were
noted. Some macrodebris items were considered of note due to, for example, their age or
likely country of origin. Details about these notable items were obtained through citizen
science using social media and online communities. Images were shared on social media and

crowdsourcing used to assign a product or brand to the item.

Statistical analysis was completed in R version 4.0.3 (R Core Team, 2020) with
“ggplot2” (Wickham, 2016). A linear model (LM) compared CPUE between seasons

(December 2018 — September 2018) and depth of trawls (midwater or benthic). A chi-squared

69



test was used to compare the proportion of macrodebris types between benthic and

midwater trawls.
Model 3.1 — LM(CPUE ~ Season + Depth)

Daily rainfall data were collected by the Met Office (2006) and accessed through the
Centre for Environmental Data Analysis. The closest station to the sampling site was Erith:
Manor Road P STA (51.4772, 0.19336). This station could not be used, however, as it ceased
recording data in 1979. Instead, the next closest station was used: Dartford S WKS (station
site number 6762). Only rainfall recordings seven days prior to sampling and the day of
sampling were analysed. Dartford station is located at 51.466, 0.23488 and has been

collecting data from 1927 to the present. The rain gauge number is 291628.
3.3 Results

More than 1,300 macroplastic pieces were recovered from 60 trawls on eight separate
Erith visits (Table 3.1). Model 3.1 revealed that significantly more plastic was recovered per
minute trawling on the riverbed than in the water column (p < 0.05, R? 0.2665, F-statistic 6.45,
degrees of freedom 14; Figure 3.1). On average CPUE for benthic samples was 2.75 + 2.44
items per minute (mean * standard deviation) compared to 0.57 + 0.42 items per minute in
midwater samples. The greatest number of items recovered from a single 15-minute trawl
was 247 items. There was no significant difference in CPUE between sampling seasons (p >
0.05) and, as such, it was removed from model 3.1. Plastic ranged from 1 cm to 170 cm in the
longest dimension, with an average length of 15.9 £ 19.4 cm in midwater samples and 11.3 +

14.2 cm in benthic samples (Figure 3.2).

The mean, per Erith visit, cumulative rainfall over the recorded eight-day period was
28.13 + 15.33 mm (Supplementary Material, S5 & S6). The greatest cumulative precipitation
occurred in June 2019 (52.7 mm), but the greatest rainfall on a single day occurred on 28™

August 2020 with 17.5 mm, closely followed by 18% July 2020 with 17.1 mm (Figure 3.3).
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Table 3.1. Macrodebris was collected in a beam trawl from Erith in the River Thames on

eight dates.
Number of
Date of Number of Number of Number of
midwater
sampling benthic trawls | midwater trawls | benthic items
items
4t December
5 3 61 41
2018 (Winter)
6™ March 2019
4 5 35 23
(Spring)
14t June 2019
2 5 127 12
(Summer)
2" October
4 5 31 17
2019 (Autumn)
19t December
4 4 156 18
2019 (Winter)
19t March
3 3 68 28
2020 (Spring)
215t July 2020
3 3 191 30
(Summer)
3 September
4 3 449 63
2020 (Autumn)
Total 29 31 1,118 232
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Figure 3.1. Catch per unit effort (number of plastic items per minute sampling) for benthic
and midwater samples collected on eight dates between December 2018 and September

2020. Benthic samples contained significantly more plastic debris, but no significant

seasonal variation was found.
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Figure 3.2. Size (cm) of macroplastic items recovered from midwater and benthic trawls at
Erith, River Thames. Grey points represent individual measurements of items collected,

with a red point for the mean. Error bars represent + standard deviation.
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Figure 3.3. Daily rainfall (Met Office, 2006) for the week leading up to sampling and the day

of sampling (primary y-axis) and CPUE (secondary y-axis).

Of the 1,335 items recovered from the River Thames, less than 1% (11 items) were
non-plastic, being made of glass, metal and leather. Over a third of macrodebris items (40.3%)
were packaging, mostly food packaging (207 items; Table 3.2; Figures 3.4, 3.6, 3.7).
Cellophane wrappers from cigarette cartons and filters and, in one instance, a whole pack of
cigarettes were also common (101 pieces). The second most abundant types of macrodebris
were plastic bags (129 items; Figure 3.10), feminine hygiene products, mostly sanitary pads
(105 items; Figure 3.5) and tangles of multiple plastic items (76 items), mostly consisting of
degraded wet wipe or sanitary pad which captures rope, vegetation and other plastic items
flowing past. An additional 20 wet wipes were recovered which had yet to form tangles of
debris and vegetation. The proportion of macrodebris types did not differ between midwater

and benthic trawls (x? = 10.344, degrees of freedom = 6, p = 0.1109; Figure 3.4).
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Table 3.2. Types and quantities of macrodebris collected

from the River Thames.

Type of debris Number of items
Packaging 538

of which food related 207 (subset of above)
of which cigarette related 101 (subset of above)
Plastic bags 129

Sanitary products 105

Tangles 76

Fishing and industry related items | 28

Wet wipes 20
String 10
Textiles 5
Balloon 5
Other 22
Non-identifiable 397

B Packaging
M Plastic bags
I Sanitary products
W Tangles
Fishing & Industry related items
B Wet wipes

M Other

Figure 3.4. Types of macrodebris collected from the River Thames separated from midwater
samples (inner ring) and benthic samples (outer ring). The proportion of plastic categories
did not differ between midwater and benthic trawls (y* = 10.344, degrees of freedom = 6,

p =0.1109).
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Figure 3.5. A selection of sanitary pads recovered from Erith, Thames Estuary between

December 2018 and September 2020. Scale bars =2 cm.

Product branding was identifiable on 155 items, namely packaging and carrier bags.
These products belonged to 61 brands (Supplementary Material, S7), most commonly
Mondeléz International Inc., Mars Incorporated and PepsiCo. Samples with branding were
dominated by confectionary and snack food packaging. Almost all Mondeléz packaging was
from Cadbury’s chocolate bars. Similarly, Mars products were all wrappers from chocolate-

based products. PepsiCo was represented almost entirely by Walkers crisp packets.

75



Figure 3.6. Two crisp packets, both over 30 years old. A) A KP Hula Hoops packet for which
the age could be determined by a best before date printed on the front (09 Aug 86); B) A
Walkers crisp packet assumed to be 30 years old based on similar reports (Tracey, 2018)

and changes in the Walkers logo (Logopedia, 2020). Scale bars =2 cm.

3.3.1 Notable items

Several notable items were recovered from the Thames during sampling. The age of
some items was estimated using branding, promotional releases or best before dates. Some
of this information was gathered from online communities. These communities are unverified
sources (e.g., Wikipedia and fandom sites). They were included, however, as they provide
insight into the approximate age of the plastic recovered from the Thames. It is assumed that,

whilst the dates may not be precise, the rough age of the plastic can be identified.

The impact of the Covid-19 pandemic on plastic waste in the Thames Estuary

Personal protective equipment (PPE) items were rarely recovered in the Thames
Estuary. The only PPE items recovered were a wrapper for shoe covers and a single-use plastic

glove.

Food packaging over time

The rough age could be identified for 11 items recovered from the Thames Estuary.
The oldest pieces of plastic were both 30-year-old crisp packets: Hula Hoops and Walkers

cheese and onion packets (Figure 3.6). The Hula Hoops packet can be dated due to a best
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before date printed on the front (e.g., “09 AUG 86”). Original flavour Hula Hoops have always
been red (Hula Hoops, 2019) and this packet has clearly leached the dye from the packaging.
Determining the age of the Walkers crisp packet was less simple. The approximate age of the
packet was first identified due to its similarity to a packet recovered on the Cornish coast
(Tracey, 2018). By examining the logo on the packet, it can be confirmed that the product was
manufactured between 1980 and 1994 and was therefore 25—-39 years old when recovered

in December 2019 (Logopedia, 2020).

Figure 3.7 shows two crisp packets recovered from the Thames which contain
promotional products. Figure 3.7A is a fragment of crisp packet advertising Lucas Films, the
producer of the Star Wars films. Through the official Star Wars website, it is possible to
identify the crisps this fragment is from (Figure 3.7B). Character Jar Jar Binx from Star Wars:
Episode | — The Phantom Menace can be seen on the front of the packet (Newbold, 2014), his
ear is still visible on the fragment recovered from the Thames. This fragment, recovered in
December 2019, was produced in 1999 and is 20 years old. In the early 90s Walkers crisps
began to give away collectable Tazos in promotional packets (Morgans, 2019; Wikipedia,
2020). Looney Tunes were the first set to be released in 1994, with sets released in 1995 and
1996 (Milkcap Mania, 2009; Morgans, 2019; Wikipedia, 2020). In Figure 3.7C a fragmented
date is visible next to a copyright symbol. With reference to the citations above, it is possible
to determine that this packet was produced in 1995. The Walkers logo on the back of the
packet matches that from this period (Logopedia, 2020). This plastic, recovered in June 2019,

was 24 years old.
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Figure 3.7. Crisp packets recovered from the Thames identifiable by promotional
giveaways. A) Monster Munch packet with Lucas Films logo; B) Promotional packet of
Monster Munch (image from starwars.com) released in 1999 to promote Star Wars:
Episode | — The Phantom Menace. The fragment in 3.5A matches this packaging; C) Walkers

cheese and onion crisps with promotional Looney Tunes Tazos. Scale bars =2 cm.
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Figure 3.8. Crisp packets recovered from the Thames. The age of these items was

estimated by changes in logo designs. A) Monster Munch crisp packet recovered in March
2019; B) Walkers crisp packet recovered in December 2019; C) Walkers prawn cocktail
crisps with logos for SunSeed oil and the Carbon Trust, recovered in October 2019. Scale

bars =2 cm.

Figure 3.8 illustrates how changes in the design of logos can be used to estimate the
age of a piece of packaging. In 1998, the orange monster was added behind the Monster
Munch logo where it would remain until 2006 (Logopedia, 2019a). This Monster Munch

packet (Figure 3.8A) was recovered from the Thames in March 2019 and was therefore
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between 13 and 21 years old. Figure 3.6B, C are Walkers Classic crisp packets. Up until 2007,
the Walkers logo contained a gold circle with rough edges, including three spikes in the
circumference (Logopedia, 2020). Neither of the logos on these crisp packets have these juts
out of the logo and therefore can only be a maximum of 12 years old. Figure 3.8B contains a
white strip on the packaging with an F and an R still visible. Walkers packaging was updated
to read “FRESH TASTE GUARANTEED” in 2015 — 2019 (Logopedia, 2019b). Therefore, this crisp
packet is less than 4 years old. Figure 3.8C also contains logos for the Carbon Trust and
SunSeed oil. SunSeed oil was introduced to Walkers crisps in 2006 (Logopedia, 2020), but the
design of the packet resembles the product from 2007-2011. Between 2011 and 2013, the
SunSeed logo was removed from the front of the packaging and is present on the back of the
packet in Figure 3.8C. Furthermore, the logo of the Carbon Trust was updated to have a
footprint rather than the letter C (Logopedia, 2019b). The Carbon Trust was set up in 2001
and Walkers was the first company to have their logo on its products, but the logo was the
letter C as previously stated. A report from the Carbon Trust published in 2008 highlighted
the change in design to a footprint, therefore the crisp packet must be produced later than
2008 (Carbon Trust, 2008). Both Walkers crisp packets were recovered in 2019 and it can be
confirmed that neither were produced that year as the packaging was updated to contain the

Union Flag (Dawood, 2019; Logopedia, 2019b).

The age of a Ribena carton (Figure 3.9) could also be estimated. Printed on the product
is producer SmithKline Beecham which merged with Glaxo Wellcome in 2000 (GSK, 2018).

This carton was recovered in July 2020 and is, therefore, a minimum of 20 years old.
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Figure 3.9. Plastic film coating to a Ribena carton recovered from Erith, River Thames in July

2020.

Advertising on carrier bags

In the present study, 9.7% of items were carrier bags and many were large fragments
(Figure 3.10A) and even whole bags were recovered. Many manufacturers of plastic bags can
be identified due to the large logos on the product (Figure 3.10D, G). When logos are missing
or damaged, colour scheme, font and wording assisted identification. Figure 3.10B, E, F are
Poundland bags; they can be identified by the turquoise and white designs as well as
references to “£1”, “amazing value” and “top brands” (Qureshi, 2016). Whilst Figure 3.10A

does not have a logo present, the green colouration and reference to a supermarket indicates

81



it is an ASDA carrier bag. This was confirmed by looking up the award referenced on the bag.
In 2012, ASDA won the award for the 15™ year in a row (Halliwell and Zuke, 2012). The bag
was recovered from the Thames in December 2018, when the award had been received for
the 21t year in a row (Kupelian, 2018). Thus, the carrier bag was 10-years old when recovered
from the Thames and yet remained largely intact. Figure 3.8C was more difficult to recognise
due to the damage to the bag and its ink fading. It is distinctly patterned, had a simple font
and also contained stars or snowflakes, suggesting a seasonal bag. The word “you” is clearly
visible on the bag and is from the Marks and Spencer tagline “your M&S”. A similar bag can
be seen at Alamy.com from 2008. Therefore, carrier bags recovered from the Thames could

also be 10 years old.

Figure 3.10. Carrier bag fragments recovered from the Thames, for which the brand has
been identified. A) ASDA; B) Poundland (sponsoring Macmillan Cancer Support); C) Marks
and Spencer; D) Sainsbury’s; E) Poundland; F) Poundland; G) Greggs.
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Macroplastics from international sources

Figure 3.11. International products recovered from the Thames. A) Nabeghlavi healthy

water (Georgia); B) Garoto chocolate (Brazil); C) Colombina sweets (Colombia). Scale bar

forB=2cm.

Three items possibly originating from international sources, imports or tourism were
recovered in the present study (Figure 3.11). Figure 3.11A is fragmented such that the brand
name cannot be read, but a logo is visible. Similarly, before Figure 3.11C was recovered, a
fragment of plastic from the same brand was found for which half the logo was missing. Both
items were initially identified through Twitter (McGoran, 2019a, b) where users shared

photos and possible brands that matched what was visible on the item in the post. Figure
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3.11A was successfully identified as Georgian Nabeghlavi healthy water. The clear plastic
fragment, which was observed in a tangle of plastic recovered in March 2019, is likely the
wrapper which seals screw tap bottles. This item is unlikely to originate from UK sources,
unless transported by a tourist or international citizen visiting the UK, as Nabeghlavi do not
export to Britain (Nabeghlavi, online). It is possible that this plastic fragment of litter entered
the river through international vessels dropping waste or was washed in from the sea and
became entangled in wet wipes and fibres on the riverbed. Figure 3.11B and C, however, may
have originated from UK sources as both Colombina and Garoto export to the UK (Colombina,

2017; Garoto, 2018).

3.4 Discussion

The results from the present study demonstrate that the Thames is highly
contaminated with macroplastic waste. This reinforces the findings of Morritt et al. (2014),
which were the first to highlight the abundance of litter on the Thames riverbed. In the
present study, for every minute of trawling, an average of 0.5-2.7 items of plastic were
collected. Plastic debris was recovered from the water column and the riverbed, being more
abundant on the latter, with the average CPUE being five times greater. The present study
reveals that litter, especially ropes, wet wipes and sanitary pads, can become entangled with
vegetation and can become embedded in the sediment. This contributes to the abundance of
plastic in benthic samples. Indeed, Williams and Simmons (1997b) noted that vegetation
increased the retention of litter on the foreshore. Similarly, Ballas et al. (2001) determined,
through modelling, that vegetation and physical barriers, such as obstructions in the
watercourse, were the dominant factors controlling litter movement in rivers. It has also been
reported that over 90% of floating litter washes ashore (Ryan and Perold, 2021). It is therefore
likely that litter is retained for longer on the riverbed compared to the water surface.
Certainly, less buoyant litter travels further in a river than buoyant waste (Ryan and Perold,
2021). It may also have more opportunities to fragment due to physical abrasion with the
sediment and interactions with biota. Biofilm formation increases with residence time in the
environment (Weinstein et al.,, 2016) and biofilms can encourage interactions with biota
(Hodgson et al., 2018). Therefore, prolonged retention of macroplastics in rivers can increase
microplastic abundance. This could then pose risks to benthic fauna that would be exposed

to these greater microplastic concentrations.
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The samples collected on 3™ September 2020 benthic trawl one (247 items), 215t July
2020 benthic trawl three (142), 19t December 2019 benthic trawl three (98) and 14™ June
2019 (95) contained the most plastic. Erith is situated at a bend in the Thames Estuary.
Samples collected from the south bank are closer to the outside of the bend where water
flows faster, whereas samples collected from the north shore are nearer to the slower flowing
waters of the inside bend. Consequently, plastic likely accumulates on the north shore at
Erith. Certainly, microplastic abundance in estuaries has been linked to the energy of
hydrodynamic conditions with higher concentrations in less dynamic regions
(Jiwarungrueangkul et al., 2021). The trawls that crossed this inner bend — namely trawls on
19t December 2019 and 3™ September 2020 — did not, however, recover the most plastic
(Supplementary Material, S3). Most trawls were performed on the straight between two
bends (Supplementary Material, S3) where water is fastest flowing in the centre channel. The
September and July 2020 benthic trawls were closest to the north bank and thus water
current may play a role here. It has been noted that the flood tide convergence zone in the
middle channel of an estuary can retain floating plastic and even transport it upstream

(Vermeiren et al., 2016).

Most of the litter in the present study appeared to be from British sources, with few
items possibly of foreign origin identified (6 pieces). Similarly, Williams and Simmons (1997a)
found most litter on UK beaches originated from Britain. Storrier et al. (2007), however,
investigated litter on the west coast of Scotland and found litter came from both local and
non-local sources. Indeed, Ryan and Perold (2021) noted that plastic moved not only from

riverine sources out to the sea, but from the sea into estuaries.

Storrier et al. (2007) noted that sewage-related debris was one of the main sources of
plastic on the British coast as well as beach visitor-generated litters, fishing debris, shipping
waste, fly tipping and street runoff. Similarly, Williams and Simmons (1999) proposed that
sewage-related debris and fly tipping were the main sources of litter in the River Toff, UK.
Litter recovered from the Thames Estuary in the present study could have originated from
visitors to the river and foreshore, runoff from urban centres and landfill sites as well as
sewage-related debris and industrial sources on or near the river. Certainly, plastic in
European rivers originated from similar sources. Winton et al. (2020) reported that consumer

products were the most abundant forms of plastic in European rivers (59%), arguing that
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these could be targeted by changes to business practices, consumption habits and policy.
Common items in European rivers include food wrappers, bottles, bags, cigarette butts and
smoking-related items, sanitary items, cotton bud sticks, takeaway containers, cups and
straws/stirrers/cutlery (Crosti et al., 2018; Gonzaladlez-Fernandez et al.,2018; Winton et al.,
2020). Many of these items have also been recovered in the Thames (Morritt et al., 2014;
Bernardini et al., 2020), with an average of 27.7 items m™2 present on the Thames foreshore
in Greater London (Bernardini et al., 2020). Whilst it has long been proposed that plastic in
estuaries comes from urban centres, recent hydrodynamic models of a Brazilian estuarine
complex have demonstrated that plastic indeed originates from land-based sources in the
inner estuary (Krelling et al., 2017). The same models predict that this litter remains in the

estuary for only a short period, with most having a residence time of less than five days.

For the present study, the types of plastic recovered from the Thames did not
significantly differ between midwater and benthic samples. Although not significant, a slightly
higher proportion of benthic samples were packaging compared to midwater trawls.
Additionally, more tangles were present in the midwater, with tangles present in the water
column also being larger on average (33 + 25.5 cm compared to 23.8 + 15.6 cm in benthic
samples). This is likely the result of numerous large tangles (52% of midwater tangles)
collected in trawls from December 2018. Over half the tangles in midwater samples originate
in these trawls and they were on average larger than those collected in the other trawls (47.1
+ 24.9 cm compared to 18.3 + 16.6 cm). In December 2018, for logistical reasons, benthic
trawls were collected before midwater trawls. During all other sampling dates midwater

trawls were collected prior to benthic samples.

Peak discharge at Erith can reach 5,000 m3s? (Rowley et al., 2020) and thus floating
debris could be quickly moved downstream and eventually out to the North Sea. Indeed,
Bernardini et al. (2020) reported a distinct difference in the type and abundance of plastic
that floated and sank in the Thames, with more floating plastic. Van Emmerik and Schwarz
(2019) reported that rain helped to flush plastics out of the River Seine, transporting plastic
from cities to the sea. This may also go some way to explaining the increase in plastic

abundance with proximity to the sea (Fischer, 2019).
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Beach cleans have commonly been used to monitor plastic pollution on the River
Thames foreshore (e.g., Fischer, 2019; McConville et al., 2020). Seo and Park (2020) noted
that more plastic washed ashore than was found floating in the surface waters, however,
fouling and sinking plastic accounted for a large portion of debris. Indeed, Ryan and Perold
(2021) determined that most floating litter is deposited on the foreshore. Thus, the type of
plastic found on the foreshore and riverbed might differ with some plastic sinking, other items
getting deposited on the shore and some floating out to sea. Certainly, Thames21 (McConville
et al.,, 2020) recovered different types of plastic at different points along the tideway,
reporting known hotspots for wipes, carrier bags and plastic bottles. The Marine Conservation
Society and Thames21 reported that in the tidal Thames wet wipes were the dominant type
of plastic-containing debris (Fischer, 2019), whilst the present study found packaging was

most abundant.

The abundance of packaging recovered in the present study (40%) reflects plastic
production, with nearly 40% of demand for plastic in Europe in 2018 coming from packaging
(PlasticskEurope, 2019b). Similarly, packaging is dominant in the tributaries of the Thames
(Fischer, 2019) and on the foreshore, accounting for 75% of items recovered between 2016
and 2017 (Thames21, 2017). Indeed, Rowley et al. (2020) found that identifiable fragments of
packaging dominated microplastics recovered from the Thames water column. Food products
such as plastic bottles are a common sight on many British shores (Williams and Simmons,
1997a; Storrier et al., 2007) and indeed worldwide (Van Emmerik and Schwarz, 2019). Food
packaging made up 38% of the packaging recovered in the present study, mostly consisting
of snack food wrappers. Two thirds of identifiable waste recovered by Thames foreshore
beach cleans was also food packaging (Thames21, 2017) with 85,000 plastic bottles collected
since 2016 (Thames21, 2019b). Nearly half of these bottles are for water, with Coca-Cola
products being the second highest proportion (Thames21, 2017, 2019b). Wrappers from
plastic water bottles and Coca-Cola bottles were also recovered in the present study. Indeed,
a citizen science brand audit of litter in the UK found that the beverage industry was
responsible for over half of the reported litter (Stanton et al., 2022). Proximity to food outlets
is one factor that can influence the abundance of this waste (Storrier et al., 2007). It has been
demonstrated that extensive networks of bins can reduce the number of wrappers littering

the environment (Storrier et al., 2007).
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Only 78% of plastic used in the UK is retrieved (British Plastics federation, 2019).
Furthermore, only 40-50% of packaging is recycled in the UK (British Plastics Federation,
2019; PlasticsEurope, 2019b). Despite increases in recycling rates and energy recovery, 25%
of plasticin Europe is still sent to landfill (PlasticsEurope, 2019b) where plastic can runoff into
the environment. Runoff from a landfill site on the north shore of the Thames at Erith could
be one source of the litter on the riverbed. Additionally, leachates from landfill runoff are
considerably higher than those of aquatic environments and in sewage effluent and therefore
might pose severe health risks, such as endocrine disruption, to organisms in the estuary
(Teuten et al., 2009). Littering is another possible pathway, one that Bernardini et al. (2020)
proposed would have a lesser effect on plastic pollution in a few years as policy and
behavioural changes are implemented. The Earthwatch Institute reviewed the available data
for plastic abundance in European rivers and reported that 12% of identifiable plastic litter
was food packaging (Kragh et al., 2019). This report noted that 8.3 billion packets of crisps are
eaten and 0.3 billion packets are littered the UK each year. Kragh et al. (2019) went on to
highlight that an effective method for preventing this litter was to reduce consumption of
these products, reduce the amount of packaging, improve recycling facilities and test the

sustainability of this process.

In many UK rivers and on beaches, sewage-related debris is the dominant form of litter
(e.g., Williams and Simmons, 1996; 1999; O’Neill, 2019; Thames21, 2019a). In the present
study sewage-related debris made up nearly 8% of waste. On the south bank of the Thames
at Hammersmith, 23,000 wet wipes were recovered by citizen scientists in just two hours
(Thames21, 2019a). The study noted that mounds of wipes could reach 50 m across and 1 m
high. It has been estimated that in the past decade wet wipe accumulations on the British
shoreline have increased by 400% (O Brian et al., 2020). Sanitary pads whilst abundant in
rivers are comparatively rare in marine systems, with the opposite trend seen with plastic
straws, stirrers and cutlery (Winton et al., 2020). It is, therefore, imperative to ensure a better
understanding of plastic pollution in rivers which have previously been neglected. Input of
sanitary waste from WWTPs is due to them being flushed down the toilet. Williams and
Simmons (1996) estimated that 72% of sanitary towels used in the UK were flushed and it has
been reported that 1.5-2 billion items could be flushed in the UK (O’Neill, 2019; Wen, 2020).

Typically, these items are improperly disposed of by 18—24-year-olds (Thames21, 2019a). In
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addition to introducing sanitary items to rivers, flushing such items uses more water
compared to toilet paper (Alda-Vidal et al., 2020). Further to the environmental implications
of flushing wipes and feminine hygiene products, there are economic and hygiene
implications from the “fat bergs” produced in the sewer systems (Mitchell et al., 2017; Alda-
Vidal et al., 2020; Atasagun and Bhat, 2020a). In the UK, many sewer systems are antiquated
and not designed to transport the abundance and diversity of sewage currently present (Alda-
Vidal et al., 2020; McCoy et al., 2020). It is estimated that these blockages cost £88 million a
year to remove in the UK (Alda-Vidal et al., 2020) and can increase the risk of flooding

(Lebreton and Andrady, 2019).

In recent years, there has been an increase in the diversity of wipe products and a
rapid increase in “flushable” varieties (Atasagun and Bhat, 2020a), with 1 million tonnes of
non-woven wipes and sanitary pads produced in the UK in 2016 (O Brian et al., 2020). Many
organisations are campaigning for clearer regulations on labelling for wet wipes to discourage
flushing (O’Neill, 2019; Thames21, 2019a, b; McCoy et al., 2020) as well as increased
educational campaigns (Storrier et al., 2007; O Brian et al., 2020) and production of plastic-
free period products (O’Neill, 2019). In response, Fleur Anderson, MP for Putney, has
proposed a bill to ban plastic in wet wipes (Anderson, 2021) and Defra has announced that
the Government is considering action against plastic in wet wipes (Defra, 2021). Despite
labelling regulations being in place, O Brian et al. (2020) found that all seven studied non-
flushable wipes investigated failed to adhere to guidelines. Logos were too small and often
hidden behind seals and folds. Alda-Vidal et al. (2020) noted that, historically, there has been
a focus on raising awareness, but that lack of understanding is not the only factor influencing
irresponsible flushing. Societal and cultural factors also play a role, with females required to
discretely dispose of sanitary items and a stigma around “unclean” products such as wipes
and pads. The study also noted that labelling on wet wipe packets proved ineffective in
preventing flushing. In industry tests of wipe dispersal, it has been concluded that only

biodegradable materials should be used in production (Atasagun and Bhat, 2020b).

Goldberg (1995) and Green et al. (2015) highlighted that benthic litter can prevent
light and nutrients reaching fauna and result in the formation of anoxic sediment. Indeed,
McCoy et al. (2020) found that layers of wet wipes on the foreshore of the Thames created

an anoxic layer of sediment reducing colonisation by the invasive Asian clam, Corbicula
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fluminea. Even biodegradable plastics, when present on the seafloor, produce anoxic
conditions after a few weeks (Green et al., 2015). Anoxic sediment retains higher
concentrations of phenolic compounds such as Bisphenol A, an endocrine disruptor (Teuten
et al., 2009) and litter cover can reduce the foraging ability of benthic fauna (Aloy et al., 2011).

Consequently, mitigating their input is vital for the health of the river.

Williams and Simmons (1996) demonstrated that sanitary pads initially show a rapid
break up in the environment, with the backing strip remaining intact. This is reflected in the
items recovered in the present study. The majority (90%) of sanitary products (Wen, 2020)
and wipes (O Brian et al., 2020) contain plastic, including PET, high density polyethylene
(HDPE), polyethylene vinyl acetate, low density polyethylene (LDPE), polystyrene (PS),
polyurethane, PP and polyallomer (Woeller and Hochwalt, 2015; Munoz et al., 2018; O Brian
et al., 2020). So-called flushable wipes also contain semi-synthetic components such as
viscose and lyocell (Atasagun and Bhat, 2020a), with many sanitary pads also containing a
cellulose core (always®). Break up of these items, either in the environment (Williams and
Simmons, 1996) or in WWTPs (Alda-Vidal et al., 2020), likely adds to microfibre abundance in
the river (O Brian et al., 2020). Indeed, both large items of litter (Storrier et al., 2007; Morritt
et al., 2014) and microplastics (Horton et al., 2017; Rowley et al., 2020) are more abundant
closer to sewage outfalls. Fibres shed from wet wipes and sanitary pads are known to be
retained by benthic infauna in the Thames (McCoy et al., 2020) and sanitary pad fragments
have been found in the GM of Thames crabs (McGoran et al., 2020; also see Chapter 5, Figure

5.4).

Studies on seasonal variation in plastic abundance are rare (Van Calcar and Van
Emmerik, 2019). In the River Rhone, more plastic was recovered in May (spring) rather than
in winter as predicted by the authors, with this variation left unexplained (Van Calcar and Van
Emmerik, 2019). Seasonal change could be influenced by rainfall and river flow as reported
by Castro-Jiménez et al. (2019). When the river discharge is greater more plastic is
transported to the sea (Vriend et al., 2020). Van Emmerik and Schwarz (2019) reported that
seasonal increased rainfall could result in up to 10 times more plastic being transported to
the sea. Peak transport was in March after heavy rain from September onwards. Global river
inputs of plastic waste to the sea are greater in May to October, with 75% of emissions

occurring in this period (Lebreton et al., 2017). This was, however, driven by monsoons in
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China and is not directly applicable to the Thames. The same study reported that there was a
reduction in plastic abundance in January. In the Thames, microplastic abundance in the
surface water peaked in July and August upstream of London and in September downstream,
with a reduction in concentrations in October (Rowley et al., 2020). Similarly, mesoplastic
abundance peaked in September for both sites (Katharine Rowley, pers. Comm.). No such
trends were reported in the midwater samples in the present study. Similar to the
downstream results of Rowley et al. (2020), Crosti et al. (2018) reported a peak in surface
plastic in autumn and a decrease over spring with the lowest concentrations in summer. On
the Irish west coast, microfibres in sediment peaked in December near a WWTP (O Brian et
al., 2020). Heavy rain from storm events resulted in the increased discharge from CSOs which
released sanitary products and wipes into the environment. These fragmented and resulted
in a greater abundance of white fibres. Additionally, rainfall increased the mobilisation of
land-based plastics and remobilisation of plastic on the foreshore and riverbed (Van Emmerik
and Schwarz, 2019). Records of plastic abundance on the foreshore of the tidal Thames,
suggest that floating, lightweight plasticis flushed onto reedbeds after heavy rainstorms. Peak
litter abundance is recorded in the month following a storm (e.g., Storm Eleanor, January
2018; Storm Lorenzo, September 2019; McConville et al., 2020). No significant seasonal
variation, however, was reported in the present study. One reason could be that plasticin the
riverbed accumulates for a long period and therefore seasonal changes does not significantly
impact this environment. Indeed, some plastic items recovered in this study were over 20
years old and may have been present in the estuary for some time. Additionally, as reported
by McConville et al. (2020), plastic in the Thames accumulates on the foreshore and
saltmarshes after heavy rain and perhaps, therefore, surface water plastic is most likely to

show some sort of seasonality rather than items below the surface.

There was no seasonal variation in plastic abundance recorded in the present study. It
is likely that litter, once embedded in sediment, can remain there for long periods, and thus,
seasonal changes to plastic inputs minimally affect CPUE of litter. It can be noted, however,
that peak rainfall events in July 2020 and September 2020, align with high abundances of
debris in samples (Figure 3.3). Ryan and Perold (2021) noted that litter was more abundant
on beaches during rainfall events, decreasing afterwards as litter was flushed into the

surrounding wetlands. This is not a definitive pattern with the greatest cumulative
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precipitation being recorded in June 2019 when a CPUE of 2.46 was recorded. This is not
significantly different from the average CPUE which with the addition of standard deviation
equates to ca. 3.1. Similarly, a high level of rain (11.6 mm) was reported on 2"¢ October 2019,
which corresponds with the lowest reported CPUE. It is possible that there is a delay between
heavy or prolonged rain and increased plastic runoff into the river. Certainly, deposition of
plastic on riverbanks after flood events occurred sometime after the event (Williams and
Simmons, 1997b). WWTPs often have an overflow capacity to cope when inputs are high,
such as when rain is heavy or persistent. The capacity of these reservoirs is, however, not
limitless and once capacity is reached untreated sewage is discharged through CSOs. It is
possible that the rainfall events described above were not prolonged enough to result in CSO
release. Perhaps if sampling had continued for a period of several days, more macroplastics
would have been recovered. Over a quarter of the sewage-related debris (wet wipes and
sanitary pads) recovered in the present study were found in trawls from September 2020.
These trawls occurred after the greatest volume of rain was recorded in a single day during
the study period. Additionally, sewage-related debris made up the highest proportion of
recovered debris in samples from June 2019 after the greatest continuous rainfall. Thus, it is
likely that rainfall is related to release of debris from CSOs but not necessarily total plastic
abundance. Indeed, Williams and Simmons (1997b) reported that flood events resulted in

increased inputs from CSOs.

Solutions to plastic pollution often emphasise the importance of consumer
behavioural changes, with less responsibility placed on producers and suppliers of plastic
packaging. Rhein and Schmid (2020) explored consumer awareness of plastic packaging to
understand what factors would drive this behavioural change. The study reported five main
consumer beliefs: 1) consumers are aware that lots of plastic packaging is produced and used,
with some deeming it unnecessary; 2) consumers often feel powerless, unable to avoid plastic
and sometimes feel their choices have little effect on plastic production; 3) consumers feel
that some decisions influence company changes, for example, avoiding packaged fruit; 4)
consumers are aware that plastic is useful and that packaging can be more hygienic than
alternatives and 5) consumers are aware that large quantities of plastic are polluting the
environment. In Europe, most plastic packaging is not recycled (PlasticsEurope, 2018a). This

may be due to limitations in recycling facilities or could be down to consumers not
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understanding which items can be recycled or, in some cases, not caring. Indeed, many
German consumers believed that plastic pollution was mostly produced by developing
countries and that they were responsible for little of the plastic in the ocean (Rhein and
Schmid, 2020). This attitude could lead to laziness towards recycling. In the UK, however,
there are added concerns that infrastructure is not in place to meet recycling demands (British
Plastics Federation, 2019). With the cost of recycled material being greater than virgin plastic
(Moore, 2008), recycling by consumers alone is not sufficient to curb the increasing tide of
plastic into the environment. Instead, it is necessary for governments, companies, consumers

and scientists to co-operate to drive positive change forward (Karasik et al., 2020).

The impact of the Covid-19 pandemic on plastic waste in the Thames Estuary

The use of disposable PPE has increased in the UK in response to the Corona-19 virus
pandemic. In 2020, over 10 million single use PPE items were supplied a day, with over 420
million facemasks and 1.3 billion gloves being used over a four-month period (Shams et al.,
2021). In addition to the use of PPE, the Covid-19 pandemic has driven greater consumer
command for single-use plastic packaging (Shams et al., 2021). Some of this material is
discarded inappropriately littering the streets and environment. It is likely that an increased
amount of waste, especially plastic which is typically lightweight, is polluting the environment
as a result of the pandemic. Shams et al. (2021) noted that illegal waste disposal in the UK
had increased threefold in 2020 during the pandemic. It is therefore possible that PPE and
other plastic litter is entering the River Thames. On 19 March 2020 a trawling trip was
completed for the present study. This date representing the start of lockdown in London. Two
subsequent trawling trips were also completed (21% July and 3™ September). Samples were
collected during these trips after restrictions began to ease in the UK. It was proposed that
the later samples might contain elements of PPE. The only items recovered that match this
description was a single glove, collected June 2019, and a wrapper for shoe covers, obtained
December 2019. Neither item was related to the pandemic as they were collected before PPE
was in common use by the British public. There was an increase, however, in the proportion
of blue plastic films in samples. Whilst the origin of these films cannot be certain, one
suggested source could be fragmented single-use gloves which are typically shades of blue.
The present study found no significant impact of Covid-19 on the plastic in the Thames, finding

that even wet wipe abundance did not increase post-lockdown. It is suspected that over the
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coming months and years, the impact of the pandemic will become clearer and that the scope
of the current sampling regime was not suitable for assessing changes in plastic use over a

short time frame.

3.5 Conclusion

Macroplastic is abundant and long lasting in the environment. Using different
approaches to estimate the age of macroplastic items, it is evident that, if disposed of
incorrectly, plastic can pollute the environment for decades. As plastic is in the environment
for long periods, it has the potential to harm organisms either through entanglement,
deoxygenation of sediment or ingestion. Most of the sampled plastic in this study had
accumulated on the riverbed where the temperature is colder and UV exposure is reduced
which can inhibit the degradation of plastic. It is persistence in the environment, however,
which increases the opportunities for macroplastics to fragment through physical processes
(sediment and biota) and raises the risk of potential exposure to biota. Thus, it is important

to monitor macro- and microplastics.
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Chapter 4
Microplastic accumulation in sediment from the Thames Estuary
4.1 Introduction

Plastic entering the environment ultimately fragments, generating increasingly
smaller fractions (Weinstein et al., 2016; Andrady, 2017; Andrady, 2022; Sipe et al., 2022).
These small particles (micro- and nanoplastics) are widely bioavailable and pose a risk to biota
(Wright et al.,, 2013; Galloway et al., 2017). Monitoring environmental microplastic

concentrations is key to quantifying risk and evaluating the success of mitigation strategies.

Whilst past literature has focussed on marine habitats, there is growing evidence of
contamination in riverine and estuarine environments. A review by Vermeiren et al. (2016)
found that evidence for contamination of estuaries is increasing but there is a gap in
understanding the sinks and sources of plastic pollution in these systems. Further still, the
understanding of temporal distributions is hindered by a lack of long-term monitoring of
microplastic pollution. Indeed, Windsor et al. (2019a) noted that there is a lack of research
into the residence time of riverine plastics. The River Thames is no exception, with just a
handful of ad hoc studies into contamination in the river, the estuary and its tributaries
(Horton et al., 2017; Rowley et al., 2020; Devereux et al., 2022). The present chapter provides
evidence of microplastic abundance in the Thames Estuary over a two-year period (December

2018 — September 2020).

The present study aimed to address seasonal variation in microplastic abundance and
ingestion. As with macroplastics, inputs of microplastics can vary over time. Additional factors
could influence microplastic abundance when ingestion is considered. Species abundance in
the estuary and animal life history will determine when a species is most at risk of microplastic
ingestion. Sediment samples provide data on microplastic accumulation and retention in the
environment, whilst fish and shrimp species will provide an insight into differing ingestion
rates over time. Insight into microplastic exposure to estuarine species is vital given that they
have regularly been overlooked in favour of marine species. It is even more key when
considering that some evidence suggests that freshwater fish species more commonly ingest

microlitter than marine species (Wootton et al., 2021). Rainfall data were collected from the
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Met Office database and used to inform any seasonal variation recorded in the present study.
An additional aim of the present chapter was to compare ingestion between fish species
common in the estuary and determine whether some species are more at risk than others.
The hypotheses are 1) microplastic will be abundant in the estuary in all samples as plastic
accumulates in fine sediments such as those found in the Thames Estuary and 2) microplastic

abundance will vary seasonally due to environmental factors, such as rainfall, affecting inputs.
4.2 Materials and methods

Sample collection and microplastic extraction is described in Chapter 2.

4.2.1 Daily Rainfall

Daily rainfall data were collected by the Met Office (2006) and accessed through the
Centre for Environmental Data Analysis. Rainfall was recorded for the seven days prior to

sampling and the day of sampling.
4.2.2 Statistical analysis

Statistical analysis was conducted in R version 4.0.3 (R Core Team, 2020) with the
following packages: “ggplot2” (Wickham, 2016), “MASS” (Venables and Ripley, 2002) and
“multcomp” (Hothorn et al., 2008). Generalised linear models (GLMs) were used to compare
the amount of plastic per gram of sediment across sampling dates. The best fit model was
determined by comparison of AIC scores. Non-significant variables were systematically
removed until only significant factors remained. Significant variables were then analysed with

a pair-wise Tukey post-hoc test.

Model 4.1 — GLM(Microlitter per gram ~ Date, family = gamma (link = log))
4.3 Results

4.3.1 Contamination

Contamination recorded in controls for sediment samples included clear fibres, clear
films, blue fibres, black fibres, red fibres, purple fibres, green fibres, grey fibres, yellow fibres,
white fibres, white films. On average 3.8 microplastics from each 50 g sediment sample were

likely contamination (Figure 4.1). The limit of detection (LOD), calculated as mean
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contamination + 3 SD, was 10.1 particles per sample or 0.2 per gram. The limit of
guantification (LOQ), mean + 10 SD, was 25.0 particles per sample or 0.5 per gram. In total,

78% of samples were above the LOD and 50% were above the LOQ.
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Figure 4.1. Microlitter concentrations in laboratory controls at each stage of processing
(removal of biota in sediment, density separation, visual microplastic ID on filters). Grey

points are individual values, black points are the means and bars are + standard deviation.

Results were corrected for recorded contamination not LOD/LOQ. All results below

are after contamination has been accounted for in the data.
4.3.2 Microlitter content in sediment

Sediment from all sampling trips contained litter, with a total of 5,557 pieces of
microplastic and microlitter recovered. Mean (* SD) contamination per gram was 1.0 + 1.1
(1,000 + 1,100 kg, Figure 4.2). Average microplastic and microlitter load ranged from 0.17 +
0.13 and 2.56 + 1.25 pieces per gram (Table 4.1, Figure 4.3).
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Figure 4.2. Global mean microplastic/litter concentrations in riverine and estuarine

sediments (per kg). Locations are highlighted by region, orange are concentrations from

Europe, blue from Asia, red from Africa and green from the Americas. Whiskers are *

standard deviation. More details in Supplementary Material (S8).
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Figure 4.3. Microlitter concentrations in sediment varied significantly between sampling
dates. Grey points are individual values, black points are the means and bars are * standard

deviation. More detailed results are available in Supplementary Material (S10).

AIC scores for error distributions for Model 4.1 are as follows: Poisson infinite,
Negative Binomial 236.0038, Gamma (link = identity) 109.9593, Gamma (link = log) 108.2189
and Gamma (link = inverse) 107.9230. Gamma (link = inverse) had the best fit and was
therefore chosen for Model 4.1. The model revealed that sampling date was significant (p <
0.05). July 2020 and September 2020 contained significantly more plastic per gram on
average (2.6 + 1.3 and 2.4 + 0.9 respectively) compared to March and October 2019 (0.7 +
0.7 and 0.6 + 0.5 respectively) which contained significantly more plastic than the other

sediment samples per gram (Figure 4.3).
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Table 4.1. Microlitter abundance in sediment from Erith. Diversity of litter refers to the
number of colour and form combinations recovered (i.e., red fibres, red beads). Means are
reported with standard deviation. More detailed results are available in the Supplementary

Material (510).

Dec Mar June Oct Dec Mar July Sept

2018 | 2019 2019 2019 2019 2020 2020 2020
Sediment
Sample size 15 15 15 15 12 15 15 15
Average (per [ 0.17 £|0.70 +|034 +|061 +|038 +|035 +|256 +|237 %
gram) 0.13 0.71 0.20 0.71 0.24 0.31 1.25 0.92
Average 464 +|188 +|64 +|767 +|55 +|683 +|184 +|204 =
diversity 244 | 4.66 2.90 3.39 2.54 3.92 5.52 3.72
Average size | 2,758 | 1,754 +| 1,899 +|1,948 +| 1,423 +|3,169 +|2,052 +| 1,701
(um) t 1,422 2,745 1,294 1,030 5,941 1,580 +

4,536 1,508
4.3.4 Rainfall

On average, rain fall leading up to sampling was 28.13 + 15.33 mm, with the greatest
rainfall over the recorded eight-day period occurring in June 2019 (Supplementary Material,
S5 & S6). July and August 2020 experienced over 17 mm of rain in a single day prior to
sampling. This was the greatest amount of rain recorded in a single day (Figure 4.4A).

4.3.5 Types of microlitter present

The most abundant form of microlitter per sample per date is available in the
Supplementary Material (510). Clear and white fibres are the most abundant form of
microlitter in sediment across all sampling sessions (Figure 4.5). Black and red fibres are also
relatively common on all sampling dates, with blue fibres being more common in March
2019, July 2020 and September 2020.

100



20

15

10

Rainfall (mm)
o [O,]
[
[~ |
2nd Oct '19 ———
I
3rd Sept '20 T
o - N w
(;-8) anisejdosdiy

0 00 00 0 [e)INe) I e)INe) M) BN e) Mo ) INe)) [e) M) INe)] [e)INe) o) o)) [eNeoNoNeolNolNelNolNo o O o
oA A A A A A A A A bl Al NANANANANANANAN NANAN
22909 o955 L-0Vow > > > [SENSRCRNE) S555>>>> o0 oo &
22848 £355s55555 22208484848 55553333 223
cc T E'UJ:JZZEZE c c £ £ c C ccccSE5L£ S £ £ o
= = o bl P = ) = 2 n
RR™™ BSFORESHE {KQVAI8E 58533838 2R
Date
B
1 3
0.75 =
2 9
° S
> o
O 05 @
[0} ~+
R 9
'_
)
0.25 -
O“ L I| T I I“ II T 0
® o o o o o
&y N - & &y % %
Q Q Q Q Q Q Q
Vv \V v V' v v v v
SR U AR AR O AN AN
P » %Y %Y P 2 %Y %Y
Date
@ Microplastics Tides

Figure 4.4. Mean microlitter abundance in sediment per gram (secondary y-axis) plotted
against A) Daily rainfall (Met Office, 2006) for the week leading up to sampling (primary y-
axis); B) Spring-neap tide cycle where 1 is a spring tide and O represents a neap tide. Tide

data was collected using the PLA tide prediction tool (http://tidepredictions.pla.co.uk/).
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Figure 4.5. Variation in microplastic forms (colour and shape) in sediment samples

compared between sampling dates.

The average length of microplastics in sediment ranged from 1,423 + 1,031 um in
December 2019 and 3,169 + 5,941 um in March 2020 (Supplementary Material, S10). Of the
items measured, taking the longest length of each item, 344 were small microplastics, 781

were large microplastics (mostly between 1 mm and 2 mm long, 428 items), 47 were
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mesoplastics and 2 were macroplastics. Beads measured an average 411.5 + 263.6 um in the
longest dimension, whilst fibres measured 2,253.2 + 4,512.4 um, films measured 2,833.5 +
9,533.7 um, fragments measured 1,104.7 + 1,034.7 um and tangles measured 1,185.4 + 879.6

um in the longest dimension (Figure 4.6).

120000 1

80000 1

Length (um)

40000 1

0 R @ i o TR = . —

Bead Fibre Film Fragment Tangle
Shape

Figure 4.6. Length of microlitter by their form (bead, fibre, film, fragment or tangle). Grey

points are individual values, black points are the means and bars are + standard deviation.

A total of 696 items recovered from sediment were analysed by FTIR. Nearly all (99%)
items matched library spectra, most of which were plastic (87%) rather than cellulosic and
semi-synthetic compounds (11%). Whilst a library match threshold was not used to confirm
polymer identities, 98% of matches did produce a match greater than 70%. The most common
polymers in sediment were PP (36%), PES (17%), cellulosic polymers (11%), PE (high density
and low density, 9%), acrylic (9%) and PA (7%). Polymer abundance did not vary greatly
between sampling dates with PP being most abundant in six of eight samples and PES being

the next most abundant in almost all samples.
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4.4 Discussion

The concentration of microplastic in sediment was, on average, 1,000 + 1,100
microplastics per kg (dry weight) peaking in June 2020 and September 2020 (2,560 * 1,250
microplastics per kg and 2,370 + 920 microplastics per kg respectively). The results of the
present study are higher than previous accounts (Horton et al., 2017), although previous
estimates have focused on large microplastics (= 1mm). Aside from the recorded
concentrations, the results of Horton et al. (2017) were similar to the present study, with PP
and PES being most dominant and fibres being most abundant at most sites. The majority of
plastic was between 1 mm and 2 mm, as found by Horton et al. (2017), despite a finer mesh
size being used in the present study. Whilst using a finer mesh size provides a more accurate
representation of the plastic contamination in an ecosystem, lower cost methods estimating
the abundance of only large microplastics are a valuable monitoring tool that are likely easier
to implement on a large scale. It is important to note, however, that the size of microplastics
ingested varies between organisms and that smaller microplastics can be eaten by a wider

range of species.

Whilst not the highest recorded concentration in riverine sediment, the average
contamination in the present study was far higher than many estimates from estuaries and
rivers worldwide. Overall, European rivers contain a higher concentration of microlitter than
those from Asia, Africa and the Americas. Greater microlitter concentrations were recorded
in sediment with the urban canals in Amsterdam (Leslie et al., 2017) and the Ebro River, Spain
(Simon-Sanchez et al., 2019) which had mean concentrations twice as high as the present
study. Higher still were certain sites in the Rhine, Germany (Mani et al., 2019). Microlitter in
the Rhine, however, were dominated by particles between 11-500 um, which far smaller than
reported in the present study. Outside of Europe, the concentrations reported in the Thames
are greater than most in Africa (e.g., Nel et al., 2018) and Asia (e.g., Jiang et al., 2019; Xu et
al., 2020; Ghayebzadeh et al., 2021) but far less than those in Belize (Silburn et al., 2022). The
relatively high concentrations found in the present study are in line with other estimates of
microplastic pollution in the Thames. Indeed, Rowley et al. (2020) found that surface water
contamination was higher than estimates for many rivers around the world. The peaks in
microplastic concentration in June 2020 and September from the present study corresponded

to the highest CPUE of macroplastic (Chapter 3), with the greatest amount of macroplastic
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collected in a single trawl occurring in a benthic sample on 3™ September 2020. Additionally,
the greatest diversity of microplastics in sediment was also reported in June 2020 and
September 2020. A high diversity of plastic is often associated with urban runoff and it is likely
that London and other urban centres on the River are major sources of microplastic pollution.
Jang et al. (2020) analysed surface water, sediment and biota from the southern coast of
South Korea. They found that samples from urban areas contained highly diverse assemblages
of microplastics, whilst samples collected next to aquafarms contained more polystyrene
from buoys and rural samples contained PP from ropes and fishing gear. The same study (Jang
et al., 2020) found a greater abundance of microplastics in urban and aquafarm sites
compared to rural areas. It is surprising then, that given the high population density of
Chinese cities, higher concentrations of microplastics were recorded in the present study
compared to the Beijiang River (Wang et al., 2017). The Beijiang River is a tributary of the
Pearl River and passes through Qingyuan City which has a population of over 4 million with
18 WWTPs discharging into the river. Given that this is just part of the 52,068 km? Beijiang
catchment and compared with the Thames watershed of 16,000 km? encompassing 15 million
residents (Environment Agency, 2016), it raises concerns for the health of this iconic river.
Wang et al. (2017) noted that the WWTPs in Qingyuan City treated 425 thousand tons of
sewage a day with a 90% efficiency. This was still likely a high source of pollution in the river.
It is possible that flow rate and other environmental factors are preventing microplastics
accumulating in the sediment and they instead stay suspended in the water column. London
is operating an antiquated sewage system and it is possible that, with CSOs and the potential
for illegal discharging of raw sewage, that the Thames is exposed to large volumes of
untreated municipal waste which contribute to the high volumes of microplastics recorded in
the sediment. Certainly, Leslie et al. (2017) concluded that the concentrations of microplastics
in the Amsterdam canals was similar to that of the wastewater effluents being discharged in

the area.

Similar to the results discussed in Chapter 3, following the heavy rain in July and August
2020 an increased abundance of microplastics was reported in the sediment. Additionally, as
seen with the macroplastic, there was no spike in microplastic abundance following the
longest rainy period in June 2019. As previously discussed, sewage-related debris is suspected

to be most impacted by heavy or prolonged rainfall. The sediment in the present study was
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dominated by clear and white microfibres and microplastics identified by FTIR to be mostly
PP and PES. Both these polymers are used in the production of wet wipes and sanitary pads
and these products have been recovered from the River Thames (McCoy et al., 2020). Sanitary

Ill

pads and wet wipes are known to create artificial “reefs” in the Thames and, as noted in
Chapter 3, can accumulate on the riverbed after becoming entangled in vegetation or
clumping together. This close association with the riverbed likely allows for the accumulation

of fragmented fibres in the sediment.

Despite this evidence of increased inputs of microplastics following rainfall events,
Cheung et al. (2019) noted that estuarine systems are highly dynamic with concentrations
decreasing tenfold just two hours after the event. Indeed, high flow rates can flush pollutants
away from sites that are otherwise hotspots for pollution, such as sewage outfalls (Windsor
et al.,, 2019b). Additionally, evidence from an estuary in Thailand, suggests that strong
hydrodynamic forces during heavy rain events can limit microplastic deposition in sediment
(Jiwarungrueangkul et al., 2021). Certainly, in the Thames Estuary, which is naturally a turbid,
strongly tidal estuary with strong vertical mixing (Uncles and Mitchell, 2011), heavy rainfall
increases ebb velocities resulting in localised flushing of sediment. As a result of increased
seaward currents, freshwater residence time in the estuary is lower in winter compared to
summer (0.5 months in winter and 3 months during summer droughts, Uncles and Mitchell,

2011). The same is likely true of plastic in the estuary.

Some estuaries are known as salt wedge estuaries, which occurs when fast flowing
freshwater runs over the top of saltwater. This then results in high sedimentation, and
therefore potential microplastic accumulation, at the salinity front (Vermeiren et al., 2016).
This effect is reported in the Rio de la Plata Estuary in South America for example. The strong
vertical mixing in the Thames Estuary, however, prevents the formation of a salt wedge.
Instead, the Thames is a slightly stratified estuary with intense mixing (Preddy, 1954). The
literature suggests that partially mixed estuaries, such as the Thames, are less likely to
accumulate contaminants. It is proposed instead that they are greater sources of macro- and
microplastics to the sea, but evidence is lacking and warrants further investigation (Vermeiren
et al.,, 2016). Whilst the salinity front might not aid microplastic deposition at Erith, it is
naturally a region of high sedimentation as part of the mud reaches in the estuary. In this

region, there is a flow of water up the estuary near the riverbed which tends to lead to the
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accumulation of litter (Uncles and Mitchell, 2011). Additionally, partially mixed estuaries may
receive microplastic heavy sediment from marine sources (Vermeiren et al., 2016). Indeed,
Ryan and Perold (2021) recovered marine litter over 1 km into the Zandvlei Estuary, South

Africa.

Uncles and Mitchell (2011) reported that fortnightly spring-neap tides occurred in the
Thames Estuary which periodically increase vertical mixing. Samples collected in December
2018, June 2019, October 2019 and March 2020 were collected mid cycle, with the October
2019 and March 2020 samples occurring closer to a neap tide than a spring. December 2019
samples were collected on a neap tide and March 2019, July 2020 and September 2020 were
collected on spring tides. The latter three sampling dates had the highest mean concentration
of microplastics in sediment. Partially mixed estuaries, such as the Thames, have greater
vertical mixing during neap tides with more transverse distribution with spring tides (Greyer
et al., 2008). It is possible that the combination of heavy rain and a spring tide in July 2020
and September 2020 resulted in more microplastics being flushed down to Erith from
upstream. Whereas, despite prolonged rain, neap tides and tides mid cycle may hinder the

deposition of plastic in the sediment, resulting in lower recorded concentrations.

Sediment samples in the present study were collected at slack water as this yielded
the most success with the Ekman grab. Slack water is additionally when suspended sediment
settles to the riverbed (Uncles and Mitchell, 2011) and thus recorded microplastic

concentrations might be slightly elevated at this time.

In addition to the above large scale factors affecting plastic distribution, local factors
can influence particle movement. For instance, wind direction has a significant effect. More
plastic accumulates windward than leeward, and strong winds over the estuary’s surface can
cause a downward flux of plastic in the surface water. The strength of the effect, however,
decreases with increased depth (Vermeiren et al., 2016). Ultimately, the combination of all
these factors makes estuaries a very dynamic system for which microplastic distribution,
movement and accumulation are poorly understood. The movement of plastics through the
estuary by hydrodynamic forces can then influence the ingestion of microplastics. Ferreira et
al. (2018) found that fish in the upper estuary ingested longer fibres than those in the lower

estuary, presumably due to the rapid movement of smaller particles downstream.
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4.5 Conclusion

Microlitter abundance in the environment, specifically the sediment, varies
seasonally. Due to their small size and abundance, microplastics are widely bioavailable and
estimating their abundance in the environment is key to evaluating potential risk. Estuaries
are complex systems with many factors affecting the distribution of microplastics. To better
understand how these factors contribute to microplastic accumulation in sediment and
estuarine inputs to the sea more data are needed. Sampling on a finer scale and collecting
more environmental data during sampling would address the knowledge gaps highlighted in
the present study. Additionally, longer term studies could better determine causation of
fluxes in microlitter abundance and likely cover greater variation in weather conditions, such

as the drought observed in the summer of 2022 in Southeast England.
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Chapter 5

High prevalence of plastic ingestion by Eriocheir sinensis and Carcinus maenas in the River

Thames

This chapter has been published in Environmental Pollution and is available at

https://doi.org/10.1016/j.envpol.2020.114972. The co-authors of this paper are Prof David

Morritt, Dr Paul Clark and Mr Brian Smith. All co-authors assisted with sample collection,
resource management and reviewing and editing the manuscript. Prof Morritt and Dr Clark
additionally assisted with project conceptualisation, funding acquisition, method

development and supervision.
5.1 Introduction

Plastics are produced in vast quantities with global production showing year on year
increases. In 2018, 359 million tonnes of plastic were produced globally (PlasticsEurope,
2019b). It is now well documented that plastic waste is polluting the environment. Estuaries
are particularly affected, acting as hotspots for plastic accumulation (Browne et al., 2010;
Wright et al., 2013). Litter accumulates near estuarine inputs to marine habitats (Galgani et
al., 2000) and, indeed, thousands of pieces of plastic litter have been found flowing along the
Thames riverbed, including carrier bags, sanitary pads and food packaging (Morritt et al.,
2014). These large plastic items can fragment (Barnes et al., 2009; Andrady, 2011), eventually
becoming microplastics; items <5 mm. Additionally, some microplastics are produced to this
size range, such as microbeads and nurdles. Microplastics are well established as a significant
threat to aquatic organisms (Lusher et al., 2017; Foley et al., 2018) and are ingested by many
organisms (Lusher et al., 2017). Ingestion can have severe negative impacts by reducing
feeding rates, resulting in the dilution of nutrients, reducing growth, hormone levels and
reproductive output and affecting enzyme action and the gut microbiome (Galgani et al.,
2010; Liu et al., 2019). After ingestion, microplastics may be translocated to other tissues,
including the brain, gills and gonads (Crooks et al., 2019). Additionally, microplastics contain
and adsorb chemicals, such as POPs, which can also have negative effects once ingested

(Moore, 2008; Wright et al., 2013; Lusher et al., 2017).
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The Thames has a large catchment of 16,000 km? encompassing 15 million residents
(Environment Agency, 2016) and passes through large urban centres e.g., Oxford, Reading
and London. This river is in constant use by pleasure craft, ferries, passenger transport, cargo
vessels and trans-oceanic shipping. Currently, the tidal Thames, eastward of Teddington Weir,
Middlesex, is the recipient of huge quantities of untreated sewage overflow discharged from
an antiquated Victorian system. Consequently, the Thames is vulnerable to domestic and
industrial wastewater pollution. Microplastics have been reported at various sites in the
Thames watershed (Horton et al., 2017; Greenpeace, 2019; Rowley et al., 2020) and it is one
of the most microplastic-contaminated rivers in the UK (Greenpeace, 2019). Indeed,
concentrations of microplastics, not including fibres which are abundant in the Thames
(Horton et al.,, 2017, 2018; McGoran et al., 2017, 2018), recovered in the Thames are
comparable to some of the highest recordings worldwide (Rowley et al., 2020). This high
contamination is likely to have a detrimental effect on the river wildlife. Microplastic particles
can be ingested by a range of aquatic species, but there is presently a bias towards fish and a
lack of studies understanding plastic ingestion by invertebrates, particularly those in
freshwater systems (De S4 et al., 2018). To date, one fish species in the freshwater reaches of
the river (Horton et al., 2018) and nine estuarine fish species, as well as the brown shrimp,
Crangon crangon (McGoran et al., 2017, 2018) have been found to ingest plastic. A recent
study also reported plastic ingestion in the invasive Asian clam, Corbicula fluminea (McCoy et

al., 2020).

Brachyuran crabs make up an important part of the Thames megafaunal community.
Carcinus maenas, the native shore crab, and Eriocheir sinensis, the invasive Chinese mitten
crab, are common in the estuary (Clark and Rainbow, 1997). The latter is now well established
in the Thames (Morritt et al., 2013; Clark et al., 2017). It was first reported in the Thames in
1935 and thought to have made its way from Germany where the species was introduced as
larvae in the ballast water of international ships in 1912 (Clark and Rainbow, 1997; Weber,
2008). Due to the high numbers present in the estuary, its large size, feeding activity (Webster
et al., 2015; Mills et al., 2016) and general aggressive behaviour, E. sinensis is a threat to native
biodiversity, competing both for food and habitats (Clark and Rainbow, 1997). Indeed, the
species is considered one of the world’s worst invasive species (Lowe et al., 2000; DAISIE,

2009) and is a threat to fishing industries, in terms of damage to fish stocks and equipment
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(Wodijcik-Fudalewska et al., 2016). Studies have demonstrated that C. maenas are negatively
impacted by the presence of E. sinensis, with the invasive species displacing native crabs from

refugia, making them vulnerable to predation (Gilbey et al., 2008).

Decapod crustaceans contain a GM in the foregut (McGaw and Curtis, 2013) which is
used to masticate food. Evidence suggests that this structure can accumulate high quantities
of plastic, with 67-83% of Nephrops norvegicus (Norway lobster) on the west coast of
Scotland containing microplastics (Murray and Cowie, 2011; Welden and Cowie, 2016a).
Furthermore, microplastics can be retained in the gut, liver, gills and gonads of crabs (Yu et
al., 2018). Despite this evidence, their abundance and the potential threat they pose to the
Thames Estuary, plastic ingestion by E. sinensis has scarcely been investigated (aside from
passing mentions by Robbins, 1996 and Clark and Rainbow, 1997). Similarly, Thames C.

maenas has not been studied in this regard.

The aim of the present study was to investigate plastic ingestion by C. maenas and E.
sinensis in the Thames Estuary and expand the understanding of ingestion beyond fish species
in the area. The hypotheses were 1) plastic ingestion would not differ between the species as
both occupy a similar niche and are both generalist feeders and 2) plastic would be more
prevalent in the GM, based on previous studies (Murray and Cowie, 2011; Welden and Cowie,

2016a).
5.2 Materials and methods
5.2.1 Sampling

A beam trawl with a standard mesh size of 80 mm and an additional 16 mm fine mesh
insert was deployed from fishing vessel Boy Daniel SD4 at Erith, Thames Estuary. Samples
were collected every three months (December 2018 — October 2019). Between two and five
benthic trawls were conducted per sampling session at a depth of 9.2-13 m (Figure 5.1).
Brachyuran crabs were collected, identified and stored on ice overnight until they could be
frozen the following morning at -20 °C. A total of 135 crabs (Table 5.1) were collected over a

year, comprising C. maenas and E. sinensis.
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Figure 5.1. Benthic trawls were undertaken in the Thames Estuary at Erith Rands, UK on 4t

December 2018 (blue), 61" March 2019 (green), 14%" June 2019 (purple) and 2" October
2019 (yellow). Scale bars = 10 km and 500 m. Map drawn by A. McGoran.

Table 5.1. Carcinus maenas and Eriocheir sinensis were sampled from Erith in the River

Thames on four dates.

) Number of C. Number of E.
Date of sampling Number of Trawls . ]
maenas caught sinensis caught
4th December 2018
. 5 2 37
(Winter)
6™ March 2019
. 4 0 3
(Spring)
14t June 2019
2 70 1
(Summer)
2"4 October 2019
4 22 0
(Autumn)
Total 15 94 41
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5.2.2 Sample preparation

The mass (Ohaus ranger 3000 balance, nearest 0.1 g), length (to nearest mm) and sex
of each individual was recorded. In addition, the carapace width was measured at the widest

point, between the 4t pair of anterolateral teeth with a rule (to nearest mm).

The carapace was removed from defrosted crabs and the GM, GIT and gills were
extracted and stored separately in 15 ml Falcon™ tubes. Tubes were refrozen prior to
digestion. A 10% KOH solution was used to remove organic material from the sample. The
volume of solution added was at least twice the volume of the sample. The solution was
heated to 60 °C and left to digest overnight in an oven. GMs were resistant to digestion and
effectively protected the contents inside. Therefore, they had to be dissected to allow the
KOH to enter the cavity. The liquid from digestions was removed using vacuum filtration
through a 32 um nylon mesh. The tubes were rinsed with filtered distilled water a minimum
of three times or until all visible material had been removed. Filters were stored in glass Petri
dishes and dried at 60 °C. Once dried, samples were sealed with Parafilm® until further

processing.

Filters were examined under a Leica MZ 6 microscope using mounted pins and forceps
under 16—64 times magnification with a detection limit of 32 um. All recovered items were
photographed and stored in individual glass specimen tubes. Items were described by colour
and shape and were measured (length and width) using Image J. Shape was classified as either
a film, fibre, fragment or a tangle of fibres. In some instances, items did not fit these criteria
and were listed as ‘other’. This category contained three resin-like, putties that do not fit
within current classification (Rochman et al.,, 2019). Tangles of fibres were weighed on a
Sartorius MC5 balance (to the nearest 0.001 g) and an estimate of the number of items in the
tangle calculated. Counting and photographing all items recovered from one tangle
comprising over 100 items took several hours. Consequently, it was deemed impractical to
precisely document all items from some tangles, instead estimates were made of their

abundance.
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5.2.3 FTIR spectroscopy

Analysis of plastic pieces was undertaken using a PerkinElmer Spectrum One FTIR
spectrometer, with an AutoIMAGE FTIR Microscope System PerkinElmer attachment. A
representative subsample of ca. 10% (105 items overall) of each colour and shape
combination (i.e., clear fibres, clear films and clear fragments) was analysed as per the
recommendation of Lusher et al. (2017). A background spectrum was made before analysis
and updated between samples. For each individual item, 16 scans were collected with the
average result being used to generate an absorption spectrum between 500 and 4,000 cm2.
This spectrum was compared to the ‘NHM Plastic Collection’. This library was a collection of
spectra collated from micro-FTIR and ATR-FTIR analyses of virgin plastics provided by plastic

manufacturers.
5.2.4 Controls for contamination

A clean, white cotton laboratory coat and non-sterile, single-use gloves were worn for
all laboratory work, including dissection, digestion and filter searches. The laboratory coat in
the present chapter was used prior to the use of purple dye. Samples were covered as much
as possible to reduce exposure to airborne contamination. Equipment and laboratory bench
space were cleaned with filtered (32 um nylon mesh) 80% industrial methylated spirit and
white paper roll prior to work and between samples. Equipment, such as scalpels, forceps,
scissors, mounted pins and dissection boards, were inspected for plastics prior to use and
were rinsed with filtered distilled water (32 um metal mesh) until all contamination was
removed. KOH was diluted with filtered distilled water and kept in glass bottles that had been

rinsed three times with filtered distilled water.

Controls to measure airborne contamination were implemented. Empty Petri dishes
were placed in the laboratory to monitor environmental contamination at all stages of
processing. During digestions, procedural blanks were run. Falcon™ tubes were filled with
filtered distilled water and underwent the same process as the specimens for digestion,
filtration and searching. Plastics recovered in the controls were analysed using the methods
described for plastics recovered from samples. Contamination for each shape and colour
plastic was calculated for each specimen (see below). Average contamination was only

removed for digestions. For dissections and filter searching, however, contamination was
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calculated independently for each crab. Thus, if contamination was higher on a particular day,
only the crabs processed on that day would have a higher level of contamination. Plastics
were removed from analysis if they did not exceed the calculated contamination. Where the
volume of plastic matching the description of a contaminant plastic exceeded that of the
calculated contamination, the count was reduced to compensate. For example, if the
contamination for black fibres in crab 1 was one and it had ingested three black fibres, only

two were reported.
Contamination = (51/N1) + (A) + (S2/N2)

S1=Sum of items of a particular shape and colour (i.e., clear fibres, black films) collected in
airborne controls during dissection, N1 = Number of crabs dissected during the control (51), A
= Average number of plastics of a particular shape and colour (i.e., clear fibres, black films)
collected from procedural blanks, S; = Sum of items of a particular shape and colour (i.e., clear
fibres, black films) collected in airborne controls during filter searches, and N, = Number of

filters covered during the control (S2).

Fibres from the nylon filters used in the present study were considered a potential
source of contamination. But upon inspection under the microscope, fibres were found to be
easily identifiable, retaining a uniform wave along their length. Thus, fibres matching this
description were removed from samples. To further prevent these fibres contaminating
samples, filters were rinsed with filtered distilled water and wiped with lab roll on each side.
This was repeated until all visible fibres had been removed from the filter. Filters were stored
in glass Petri dishes that had been rinsed with filtered distilled water. FTIR analysis was not

conducted on controls.
5.2.5 Statistical analysis

Statistical analysis was conducted using R version 3.4.2 (R Core Team, 2017) with the
following packages: “ggplot2” (Wickham, 2016), “MASS” (Venables and Ripley, 2002) and
“multcomp” (Hothorn et al., 2008). GLMs were developed to understand the variables that
influenced the number of crabs affected by plastic and the number of plastic pieces in
individuals. The season of sampling (winter — December, spring — March, summer — June,

autumn — October), carapace width, sex, species and organs were investigated. GLMs were
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compared with AIC and BIC scores so that only reduced models with the significant factors
were used for analysis. Non-significant variables were removed until three GLMs were
generated. To analyse the number of individuals affected by microplastics, binomial models
were used. To compare the amount of plastic present per individual (crabs that ingested no
plastic were removed from analysis, except when tangles were being compared due to the
low number of tangles remaining in C. maenas), Poisson or Gamma error distributions were
used. When categorical variables were significant, the results were interpreted using Tukey
pairwise comparisons. Similarly, when interaction terms were significant, the results were

interpreted by model reductions and ANOVA comparisons.

Model 5.1 — GLM(Proportion with litter ~ Season + Sex, family = binomial)
Model 5.2 — GLM(Plastic in Organs ~ Species, family = Gamma (link = inverse))
Model 5.3 — GLM(Number of Tangles in Organs ~ Species, family = Poisson)
5.3. Results

5.3.1 Contamination

Airborne contamination was reported at all stages of processing (see Table 5.2 for
average contamination per individual). Contamination included clear, blue, black, brown, red,
grey, white, green and yellow fibres, clear film, blue and green fragments and rarely tangled

fibres. Results were corrected for contamination as described in the methods.
5.3.2 Plastic content in crabs

Carcinus maenas and E. sinensis were affected across all sampling seasons were
affected by plastic in either the GIT, GM or gills (see Table 5.2). Overall, 71.3% and 100% of C.
maenas and E. sinensis, respectively, contained at least one item (fibre, film, fragment or
tangle of fibres). A total of 874 items were collected from the 135 individuals after

contamination was removed.

Model 5.1 compared the proportion of individuals affected by plastic. It revealed that
there was no statistical difference in the number of C. maenas and E. sinensis affected by

microplastics (either in the GIT, GM and/or gills). Although, significantly more female crabs
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were affected by plastic than males (p < 0.05, 76% of males compared to 87% of females,
Figure 5.5), with less plastic-affected individuals in the summer (June 2019; 66% of individuals

were affected in summer, 91% in autumn, 97% in winter and 100% in spring; p < 0.001).

Plastic concentrations did not differ between individuals in any GLM. Model 5.2
demonstrated that the organs of E. sinensis contained more plastic than those of C. maenas
(p <0.001, an average 7.4 items per organ of E. sinensis (5.5 with zeros included) and 3.1 per
organ of C. maenas (1.1 when zeros included)) and that there was no statistical difference in

the amount of plastic per organ.

All E. sinensis had plastic in the GM, 68.3% in the GIT and 14.6% in the gills. Whereas
only 45.7% of C. maenas had plastic in the GM, 46.8% in the GIT and 16.0% in the gills. The
number of items recovered from each organ also differed (Figure 5.3), with mean number of
items in the GM, GIT and on the gills, respectively for E. sinensis 10.3, 3.1, 0.2 and C. maenas

1.9,1.2,0.3.

In June 2019, 70 C. maenas were caught and thought to have recently moulted, with
exoskeletons yet to fully harden. There was no indication that E. sinensis had recently moulted
in any samples. Moulting may reduce plastic load as 51.9% of C. maenas which showed no
signs of moulting recently had plastic in the GM compared to only 17.6% of C. maenas which

had recently undergone ecdysis.
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Figure 5.2. A) Proportion of male and female Carcinus maenas and Eriocheir sinensis
affected by plastic; B) The number of fibres affecting each individual from Carcinus maenas
and Eriocheir sinensis combined as estimated during filter searching. Whiskers represent
largest and smallest values within 1.5 x interquartile range above 75 percentile and below
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Table 5.2. Carcinus maenas and Eriocheir sinensis were sampled from the Thames Estuary on four dates. Crabs were measured, weighed and

dissected. The data is presented in this table along with records of contamination.

Average number of

Minimum Maximum % of individuals with
Average contamination plastics per
Species Date carapace carapace width items in gills, GM
per individual £ SD individual £ SD
width (mm) (mm) and/or GIT
(Fig. 3.2)
Dec 2018 23 48 8.99+0 50 1+0.82
Common shore crab,
Mar 2019 NA NA NA NA NA
Carcinus maenas
(Linnaeus, 1758) June 2019 21 57 7.76 £0.31 65.7 2.59 +3.50
Oct 2019 26 55 8.78 +0.83 90.9 6.14 £5.33
Dec 2018 34 70 8.49 +0.32 100 11.35+7.91
Chinese mitten crab, ™y 5019 46 68 8.84+0 100 5.67 +2.26
Eriocheir sinensis (H.
Milne Edwards, 1853) June 2019 37 37 7.88+0 100 10+0
Oct 2019 NA NA NA NA NA
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5.3.3 Types of microplastic present

Figure 5.4. Examples of plastic recovered from the gastric mills of Eriocheir sinensis
specimens caught in December 2018 and displayed on a 1 mm grid. 1) Tangle of fibres and
yellow balloon fragment (100+ items); 2) A black film (possibly a plastic bag); 3) A rubber-
like fragment; 4) Tangle of fibres and sanitary pad fragment (ca. 40 items); 5) Two fragments
of sanitary pad and a clear fibre; 6) Close up of a sanitary pad fragment — note the checked
pattern common to sanitary pad fragments; 7) Tangle of fibres (100+ items); 8) Tangle of
fibres (ca. 70 items); 9) Tangle of fibres (100+ items).

Fibres (78%) were by far the most abundant form of plastic recovered, with an
additional 7.8% of items were tangles of fibres. Tangles also sometimes contained films and

other shapes of plastic (Figure 5.4). Films (9.6%) and fragments (4.0%) were also commonly

121



recovered from the crabs. Tangled fibre knots were recovered from 49 crabs (36.3%) and
ranged from less than 10 items to over 100 (Figure 5.5A, average 28.4 items per tangle from
C. maenas and 66.1 per tangle from E. sinensis). Tangles weighed between < 0.001 mg and

15.449 mg (Figure 5.5B, average of 0.312 mg in C. maenas and 1.900 mg in E. sinensis).

Model 5.3 compared the number of tangles per organ between E. sinensis and C.
maenas, highlighting a difference between the species (p < 0.001). On average, each organ of
E. sinensis contained 0.45 tangles of fibres (zeros included) whereas the organs of C. maenas

only contained an average 0.05 tangled knot (zeros included).

Plastic was recovered in a variety of colours, including clear (25.1% of items), white
(21.9%), black (15.7%), blue (11.8%), red (5.7%), brown (3.4%), grey (2.9%), yellow (2.2%),
green (1.5%), orange (0.6%), pink (0.6%), silver/gold/glitter-like (0.6%), purple (0.5%). The
remaining 7.8% of items were tangles of fibres that contained multiple colours. Items ingested
included numerous blue films, fragments of balloon, fragments of sanitary pads (Figure 5.4)

and elastic bands.

Items recovered from C. maenas and E. sinensis ranged from 52 um to 34 mm in length
(average: 2.1 mm) and 34 um and 32 mm (average: 3 mm) respectively. Fibres were between
47 um and 34 mm long (average: 2.5 mm) and 2 um and 183 um wide (average: 17.2 um).
Tangles of fibres were on average larger (5 mm) ranging from 153 um to 14 mm. The shortest
item analysed by FTIR was 146 um. ltems between 34 um and 145 um were not analysed by
FTIR. It must be noted that there is some uncertainty in visual identification of microplastics
in this size range. Only 20 items recovered were in this size range, mostly from the GIT of C.

maenas.
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Of the analysed subset, 72% of items were confirmed to be synthetic and 10% were
semi-synthetic (viscose and cellophane). Among these samples, nine synthetic and semi-
synthetic polymers and polymer mixes were identified (Figure 5.6). The most common

polymers were PP and PES.

100%
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Figure 5.6. Analysis by FTIR on 10% of recovered items (n = 105) revealed the most common

polymers were polypropylene and polyester. Organic and semi-synthetic polymer were also

identified.

5.4. Discussion

Prior to the present study, plastic ingestion and retention in the Thames had been
recorded solely in fish, one shrimp species, Crangon crangon, and a bivalve, Corbicula
fluminea. Although, plastic ingestion had been reported in Carcinus maenas (Farrell and
Nelson, 2013; Watts et al., 2014, 2015) and Eriocheir sinensis (Yu et al., 2018; Liu et al., 2019)
under laboratory conditions, little is known about exposure in the wild, with no evidence from
the Thames. Estimates of plastic ingestion by Thames fish varies, with some species
reportedly ingesting no plastic (e.g., Chelidonichthys cuculus, red gurnard, and Gadus morhua,
Atlantic cod; McGoran et al., 2018), although these species were represented by only a small

sample (n =5, n =1 respectively). In comparison, up to 75% of European flounder, Platichthys
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flesus, ingested plastic (McGoran et al.,, 2017). Horton et al. (2018) reported that 33% of
Rutilus rutilus (common roach) ingested plastic which is similar to the overall plastic ingestion
(28%) reported by McGoran et al. (2018). The presence of plastic in the digestive tract has
been shown to fluctuate in fish (McGoran et al., 2017, 2018), suggesting a short retention
time. In all studies in the Thames thus far, as in many similar investigations (Pinheiro et al.,
2017), fibres are the most abundant form of plastic pollution, with an average of three fibres
in the GIT (McGoran et al., 2018). Whilst brown shrimp in the Thames were reported to only
ever ingest one fibre and that this was only 6% of sampled individuals (McGoran et al., 2018).
This is considerably lower than estimates in the North Sea population (Devriese et al., 2015).
Indeed, not enough is known about plastic concentrations in the Thames or the factors that
affect plastic ingestion to determine why these studies differ so greatly. Watts et al. (2015)
proposed that Carcinus maenas was vulnerable to microplastic ingestion due to its
abundance, wide distribution and broad diet; factors that also apply to E. sinensis (Clark and
Rainbow, 1997). In the present study C. maenas and E. sinensis are highly contaminated by
plastic pollution, with most individuals containing items in at least one of the sampled organs.
Several crabs contained tangles of fibres where some appeared to have accumulated over
100 fibres, as was seen in E. sinensis. This is considerably more than has been reported in fish
(McGoran et al.,, 2018). The proportion of individuals containing microlitter was not

statistically different between the two crab species which supports our first hypothesis.

The proportion of affected animals did not differ between the species; however,
sampling season was significant. Due to unbalanced seasonal samples between species, it is
difficult to determine seasonal and species level differences. Fewer crabs contained plastic in
summer (June 2019), which is when most C. maenas were collected, however, only one E.
sinensis was obtained in this sample. It is thought that this seasonal difference is more related
to species than temporal changes as seasonal samples tended to have a biased split between

species.

The microplastics recovered from the crabs could have originated from their
environment and prey. Microplastics were recovered from the gills and some items could
have been retained during irrigation of the gills with contaminated water. Watts et al. (2014)
noted that microbeads could accumulate on the gills for up to 21 days. In the present study,

fewer gills had plastic on them compared to in the GIT and GM (ca. 15% of gills and over 45%
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of GITs/GMs). Additionally, mean plastic contamination on the gills was less than one
microplastic per individual whilst the concentration in the GIT and GM ranged from 1.2 to
10.3 items. Thus, the main route of exposure to plastics is through ingestion rather than
plastic suspended in the water column. This is also the case in Hong Kong mangroves where
crabs repeatedly ingest more plastic than is retained on the gills (Not et al., 2020). Feeding
mode further affects the rates of plastic ingestion, with detritivorous crabs ingesting the
greatest amount of plastic. Omnivorous crabs were the next most contaminated, ingesting
more plastic than predatory crabs, which ingested more than filter-feeding crabs (Not et al.,
2020). Carcinus maenas and E. sinensis are omnivores and are therefore likely to ingest high
qguantities of plastic. Eriocheir sinensis is also known to ingest detritus which could explain its

higher plastic load (Wdjcik-Fudalewska et al., 2019).

Over half (69.1%) of C. maenas and 100% of E. sinensis sampled in the present study
ingested plastic (plastic in the GIT and/or GM). Plastic prevalence was considerably higher in
the present study compared to previous records of ingestion, where on average 13% of Polish
and Portuguese E. sinensis ingested plastic (Wdjcik-Fudalewska et al., 2016). Despite the
difference in the proportion of individuals affected, in the Thames, Portuguese and Polish
populations, all had fibres and tangles as the most common items. Indeed, almost all crabs
that ingested plastic had ingested tangles (70%), ranging from 0.5 mm to 5 mm (Wdjcik-
Fudalewska et al., 2016). In the present study most E. sinensis also contained tangled fibres
(98% of crabs to ingest plastic had ingested tangles), which were on average 5 mm across, but
were in some instances larger (up to 14 mm). Similar accumulation was reported in laboratory

studies (Watts et al., 2014, 2015).

The organs of E. Sinensis contained twice as much plastic on average as the organs of
C. maenas. This contradicts hypothesis one, however, the number of individuals affected did
not differ between species. It is likely that factors other than species differences also have a
role in the accumulation and retention of microplastics. Eriocheir sinensis exhibits an annual
migration in the River Thames during the reproductive period. In the autumn, adults migrate
downstream to reproduce and juveniles upstream to occupy freshwater habitats (Morritt et
al., 2013). Consequently, E. sinensis could be exposed to a variety of plastic concentrations.
Migrating long distances, in comparison to the movement of C. maenas, might increase the

number of opportunities to ingest plastic. For instance, C. maenas in the estuary will only be
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exposed to local sewage outfalls whilst E. sinensis may pass several outfalls on its downstream
migration. Maturing in the freshwater reaches of the River Thames, E. sinensis may be
exposed to more plastic than crabs in the brackish estuary due to their close proximity to
London and other urban centres. Similarly, Carreras-Colom et al. (2018) reported the highest
rates of ingestion in the deep-water shrimp Aristeus antennatus nearest to major cities.
Additionally, E. sinensis is a burrowing crab (Clark and Rainbow, 1997), a lifestyle which has
been shown to increase exposure to plastic. Iribarne et al. (2000) reported that the burrowing
activity of the crab Chasmagnathus granulate (now Neohelice granulate) resulted in the
retention of more plastic on the sediment surface as well as in the sediment. Clark and
Rainbow (1997) noted that many crabs contained mud in their stomach. In the present study,

4.9% of E. sinensis and 16.0% of C. maenas had ingested sediment.

Tangled fibres were treated as one item since precise counts of constituent items
could not be established. Nearly all E. sinensis (95.1%) contained these tangles, many
contained over 100 fibres. In comparison, only 10.6% of C. maenas contained such tangles. If
items from tangles were treated as separate fibres, there would be a clear difference in plastic
ingestion between the two species. Comparatively, only one in four of the 39.2% of A.
antennatus which ingested plastic had tangles in the GM (Carreras-Colom et al., 2018).
Microplastics ingested by crabs can be retained for several weeks (Watts et al., 2014, 2015).
Many of the fibres recovered from these crabs were tangled into knots similar to those found
in N. norvegicus (Murray and Cowie, 2011; Welden and Cowie, 2016a) and found in the
present study. Watts et al. (2015) proposed that the action of the GM in C. maenas differed
to that of N. norvegicus and that the species was therefore better equipped to egest fibres
before they became tangled by the GM, by shredding microfibres into smaller fractions. It is
not known if the mechanical function of the GM differs between E. sinensis and C. maenas.
The anatomy of the digestive system in C. maenas and E. sinensis is similar, which makes it
difficult to determine why one species is more affected than the other. Carreras-Colom et al.
(2018) suggested that tangles of fibres in the environment were a similar size to the copepod
prey of A. antennatus and that tangles were misidentified and ingested. Although this seems
highly unlikely as the presence of tangled fibres is isolated to Crustacea, differences in prey

could also impact plastic ingestion between C. maenas and E. sinensis.
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The proportion of fish populations ingesting plastic can fluctuate between studies
(McGoran et al., 2017, 2018) and it is possible that fibres do not have a long retention time in
these species. The tangled fibres recovered from the GM of crabs, however, could potentially
block the opening to the GIT and prevent microplastics from being egested, increasing their
retention time. It was proposed that Thames fish could egest microplastics without
complication (McGoran et al., 2018) and C. maenas faecal pellets can contain fibres (Watts et
al., 2015), demonstrating that these do not remain in the digestive tract indefinitely. In the
present study, however, some shore crabs were noted to contain plastic even when there
was no evidence of recent feeding, indicating that plastic has a longer retention time than
food. Similarly, N. norvegicus females, which undergo periods of starvation whilst ovigerous,
still retained plastic in the stomach (Murray and Cowie, 2011). It has been demonstrated that

fibres are retained in the GIT of C. maenas longer than microbeads (Watts et al., 2014, 2015).

In the present study, more females more frequently contained plastic than males. Yet,
Wojcik-Fudalewska et al., (2016) reported no sex difference in ingestion by most Portuguese
and Polish E. sinensis populations, except in the Gulf of Gdansk where more males ingested
plastic. Murray and Cowie (2011) found no difference between male and female N. norvegicus
sampled from the Firth of Clyde, whilst Welden and Cowie (2016a) reported that males
ingested less plastic. Both Nephrops studies concluded that larger individuals had larger GMs
and were therefore better able to excrete plastics, requiring larger items to block the GIT than
smaller individuals (Murray and Cowie, 2011; Welden and Cowie, 2016a). Similarly, Wdjcik-
Fudalewska et al., (2016) concluded that females mitten crabs, which are typically smaller
than males, ingested less plastic due to their size. They did not propose that stomach size was
important, but that larger animals consumed more food. Females may require more energy
when breeding to support egg production; during the present study 92% of female E. sinensis
were carrying eggs, while no ovigerous C. maenas were collected. Female E. sinensis
overwinter in deep water before spawning their eggs (Clark et al., 1998). To survive this

period, females may increase their feeding rate and thus their exposure to plastics.

Panning (1939) noted that smaller individuals undergo ecdysis more frequently and
this could be a mechanism for fibre release. Indeed, Welden and Cowie (2016a) noted that
female N. norvegicus grow slower than males, therefore moulting less. It is possible that in C.

maenas and E. sinensis in the Thames females also grow at a different rate or that their
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smaller digestive system requires smaller plastic items to be blocked. In the present study,
moulting certainly affected the number of items recovered from the GM. Carcinus maenas
and E. sinensis lose all or part of their GM during ecdysis (Panning, 1939; Sheridan et al., 2016;
Sheridan and O’Connor, 2018) and there is the potential for fibres to be trapped in the exuvia

and not retained post-moult (Welden and Cowie, 2016a).

In laboratory studies, the swimming crab Necora puber (Crooks et al., 2019) and C.
maenas (Farrell and Nelson, 2013) were both been found to accumulate microplastics
through trophic transfer. Like the knots recovered in the present study, microbeads were
reported to accumulate in the stomach (Watts et al., 2014; Crooks et al., 2019), if only briefly
(up to 4 hours, Farrell and Nelson, 2012). Since plastic can be retained by C. maenas and E.
sinensis for long periods in a variety of tissues (Farrell and Nelson, 2013; Watts et al., 2014;
Yu et al., 2018), there is the potential for microplastics to be transferred up trophic levels with
predation. McGoran et al. (2018) suggested biomagnification as one of the potential reasons
plastic ingestion was greater in fish than in shrimp from the Thames. In laboratory conditions,
it has been demonstrated that C. maenas can accumulate plastic from contaminated prey
(Farrell and Nelson, 2013). This, however, may not be environmentally realistic. Farrell and
Nelson (2013) provided 24 mussels (Mytilus edulis) with ca. 411 million microbeads in 9.6 L
water. Of which nearly 58 million particles were retained after a 1-hour exposure. Carcinus
maenas were then fed a single mussel and left for 21 days. Only an estimated 16.2 million
microbeads (0.28%) from the mussels were retained by crabs. Lorenz et al. (2019) recovered
an average 234.5 + 254.3 particles per kg of sediment in the North Sea which was significantly
greater than the concentration in the surface water (27.2 + 52.5 particles per m3). This is far
less than the concentration M. edulis was exposed to by Farrell and Nelson (2013). Indeed, Li
et al. (2018) also reported that M. edulis sampled from coastal waters around the United
Kingdom ingested less plastic than Farrell and Nelson (2013) used in their laboratory
experiments. Between 1.1 and 6.4 items of debris per individual were recovered and seawater
sampled at each site ranged from 1.5 to 6.7 items per litre, an average of 3.5 items per litre.
Microplastic abundance in the environment is not only lower that that tested but retention
by mussels is also lower. If 0.28% of the plastic recovered by Li et al. (2018) were ingested by
a crab, between 0.3 and 1.8 items would be retained. This is considerably lower than what

was found in the present study. There are few investigations into fibre ingestion and retention
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(De Sa et al., 2018) and as such it is not yet possible to determine whether the fibres present
in the stomach of C. maenas and E. sinensis was through ingestion of contaminated prey. But
certainly, if these crabs were predated upon, for instance by otters (Weber, 2008), a large
number of plastic items, and potentially a high dose of associated chemical pollutants, could

be transferred.

It has been suggested that most plastic ingested by decapods is derived from fishing
gear (Murray and Cowie, 2011; Wéjcik-Fudalewska et al., 2016); an unlikely source in the
Thames as there are no commercial fisheries in the immediate vicinity of Erith. There is,
however, a large amount of industry, shipping and recreational boating on the river, with
potential contamination from ropes and other equipment from these sectors. Additionally,
washing machine outputs and WWTPs are well-documented sources of plastic waste (Browne
et al., 2011; Dubaish and Liebezeit, 2013; Free et al., 2014; Ziajahromi et al., 2017b) and it was
noted as a potential route of exposure for fish in the Thames Estuary (McGoran et al., 2018).
PES was the second most abundant polymer in the present study, which reflects global yarn
production trends. Globally, PES accounts for 68% of fibre demand and half of the PES yarn
produced is used in the clothing industry (Klein et al., 2020). Thus, shedding clothes is likely
the main route of plastics entering the Thames. Sewage-related debris is also common in the
Thames, especially wet wipes and sanitary products (Morritt et al., 2014; Thames21, 2018;
McCoy et al., 2020), both of which can break up into fibres and fragments of plastic. Due to
the high load of plastic in the GM of E. sinensis, especially in tangles, it was possible to identify
specific items that were ingested. A black film, possibly from a plastic bag was recovered from
one individual. The same individual had also ingested fragments of a yellow balloon, black
rubber and a white film identified as a fragment from a sanitary pad. Including this individual,
7.3% of E. sinensis were thought to have ingested fragments of sanitary pads. Large items of
plastic collected in the nets during sampling also included sanitary products, rope, food
packaging and carrier bags. Evidence for ingestion of balloons has also been reported in
seabirds and is linked to high risk of mortality. An animal which has ingested a balloon is 32
times more likely die than an individual that ingested hard plastic (Roman et al., 2019). Given
the abundance of balloons in European freshwater systems (13™ most abundant item; Winton
et al., 2020) it is necessary to consider policy changes to balloon releases. Elastic bands were

also identified in the GM of E. sinensis. Similar items have been reported in the GIT of seabirds
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(Parslow and Jefferies, 1972; National Trust, 2019) and birds of prey (Carlin et al., 2020),
sometimes remaining tangled in the crop. One explanation for their ingestion is mistaken

identity as prey (e.g., worms).

In the present study plastic tangles filled the GM. This is thought to have severe
negative effects on the health and fitness of the animal. Nephrops norvegicus showed
significant reductions in mass following microplastic ingestion (Welden and Cowie, 2016b).
Following ingestion of 0.3%, 0.6% and 1% of plastic in feed (homogenised mussels), C. maenas
also demonstrated reduced feeding and a decline in their growth potential (Watts et al.,
2015). Wojcik-Fudalewska et al. (2016) suggested that E. sinensis were likely to be affected
by false satiation which would result in malnutrition and may lead to starvation. Indeed, Yu
et al. (2018) reported that mass gain and growth rate decreased with increased plastic
ingestion in E. sinensis. In addition, crabs demonstrated increased oxidative stress which was
correlated with plastic load. Microplastic ingestion reduced enzyme activity and expression in
E. sinensis and affected the gut microbiome (Liu et al., 2019). Yu et al. (2018), however, used
microbeads to demonstrate the negative impacts of plastic ingestion, whilst fibres are most
commonly ingested microplastics in environmental conditions. A review by Wright et al.
(2013) noted that fibres were the most harmful form of microplastics, and evidence shows
that fibre could have greater negative effects when ingested compared to microbeads
(Ziajahromi et al., 2017a). For example, the water flea Ceriodaphnia dubia exposed to
microfibres suffered greater detrimental effects compared to microbead exposure.
Additionally, carapace deformities only developed in the presence of microfibres (Ziajahromi
et al.,, 2017a). A review by Foley et al. (2018), however, found more evidence of negative
effects in studies which used spherical microplastics compared to fibres and, therefore, more

research is required into the effects of ingestion at environmentally realistic levels.
5.5 Conclusion

The present study provides the first evidence for microplastic ingestion by brachyuran
crab species in the Thames. Eriocheir sinensis and Carcinus maenas are heavily affected by
plastic pollution in the River Thames, typically fibres from wastewater and industry. It is
possible that this plastic load could be transferred via predation to other animals in the

Thames. For example, fish could ingest juvenile crabs and top predators, such as seals, might
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predate on both. Many questions remain about the differences in plastic exposure between
the species, the effect of ecdysis on fibre release and the impacts of plastic ingestion in these
species. What is clear is that fish alone are not an adequate proxy for plastic pollution in an

environment and a selection of species must be studied to attain a true representation.

5.6 Addendum

Subsequent to the publication of the present chapter the following information, from
an unpublished undergraduate thesis, was brought to my attention. Plastic ingestion is not a
new threat to wildlife, with evidence of plastics in the digestive tracts of Eriocheir sinensis
collected in 1995 and 1996. Between 16% and 53% of examined crabs contained nylon fibres,
5% to 30% containing plastic and up to 9% containing rubber (Robbins, 1996). A high
proportion of E. sinensis had ingested mud and it is possible that plastic accumulated in the
sediment could have been ingested accidentally. Other prey items included eggs or seeds,

fish, shells and algae.

Additionally, a presentation at microplastic conference Micro2020: Fate and impact of
microplastics: knowledge and responsibilities (Carreras-Colom et al., 2020) highlighted
experimental evidence that the morphology of GM of C. maenas does not promote tangle
formation. The study also demonstrated that fibres regardless of length (0.5 mm, 2mm or 4
mm) were mostly released in faecal pellets within 24 hours. Small fibres were found densely
packed together in faecal pellets. Photographs in the presentation appeared to show possible
fragmentation of large fibres, although this was not discussed by Carreras-Colom et al. (2020).
In the present chapter an individual C. maenas caught in June 2019 (140619CM18) was found
with ten blue fragments in the GM and a further seven in the GIT (Figure 5.7). The blue
fragments in the GIT, however, were found close together. Consequently, given the evidence
presented by Carreras-Colom et al. (2020), it is now proposed that a larger fragment of plastic
was possibly broken up in the GM and the resulting smaller particles aggregated together and

would be egested in a faecal pellet.
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Figure 5.7. Blue fragments in the GIT of Carcinus maenas recovered from the Thames

Estuary in June 2019. GIT is photographed on a 32 um mesh nylon filter.
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Chapter 6
Plastic in the Thames Estuary food web
6.1 Introduction

As demonstrated in the previous chapters, microlitter is abundant in the environment
and is readily ingested by biota. Yet, entire food webs are understudied with a focus on a few
select species. Trophic transfer of microplastics is poorly understood, with limited
environmental studies to evidence plastic moving through the food chain (Lwanga et al.,
2017; D’Souza et al., 2020). Despite this, trophic transfer has long been proposed as a route
of exposure (Eriksson and Burton, 2003; Boerger et al., 2010; Ramos et al., 2012; Bravo
Rebolledo et al., 2013; Wright et al., 2013; Desforges et al., 2015). Plastic ingestion has been
reported in hundreds of species across several trophic levels (Wright et al., 2013; Gall and
Thompson, 2015; Lusher et al., 2017). Consumed plastic may be retained in the digestive tract
for a variable amount of time, up to weeks (Foley et al., 2018) and may therefore be passed
to predators if the host is consumed. Ingestion of microplastics can also occur if plastic
adheres to prey items (e.g., fish eggs and seaweed; Au et al.,, 2017; Foley et al., 2018).
Certainly, in rivers, low trophic level invertebrates (Windsor et al., 2019b) and fish (Horton et
al., 2018; McGoran et al.,, 2017, 2018) ingest microplastics. Consequently, it has been
suggested that plastics or associated chemicals could bioaccumulate or biomagnify (Wright

et al., 2013; Foley et al., 2018).

Several studies have reported that predators ingest significantly more plastic than
other feeding strategists (Courtene-Jones et al., 2017; Fang et al., 2018) with Fang et al. (2018)
reporting that trophic transfer was the main factor influencing exposure. Bour et al. (2018),
however, found trophic level to be insignificant, with prey species impacting plastic exposure
of predators. Similarly, for the deep-water shrimp, Aristeus antennatus, microplastic ingestion
was affected by the ecological niche of its prey species (Carreras-Colom et al., 2018). The
organisms which contributed the most to plastic exposure were polychaetes, isopods, a
decapod crustacean and gammarid amphipods (Carreras-Colom et al., 2018). Additionally,
Carlin et al. (2020) reported that piscivorous birds of prey, such as osprey (Pandion haliaetus),
ingested less microplastic than raptors, such as the red-shouldered hawk (Buteo linneatus),

which fed on small mammals. Alternative feeding strategies also result in microplastic
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ingestion. For example, deposit feeders can ingest a diversity of plastic forms (Courtene-Jones
et al., 2017). Fang et al. (2018) noted that omnivores were also exposed to higher quantities
of plastic, but in contrast filter feeders were more selective with regards to particle size or
were better able to egest particles and as such may be less likely to ingest microplastics (Bour
et al., 2018). Feeding strategy does not always predict microplastic exposure, with some filter
feeders able to eject larger microplastics in pseudofaeces (Zhao et al., 2018) and insect larvae
in riverine sediments ingesting plastic across all sampled taxa regardless of feeding strategy

(Windsor et al., 2019b).

In laboratory studies, microspheres can translocate to the haemolymph of bivalve
suspension feeders and accumulate for up to 48 days (Browne et al., 2008). The longer
microplastics remain within an organism the greater the likelihood that those particles will be
passed to predators through predation of the host. Carcinus maenas fed contaminated
Mytilus edulis also consumed the plastic that the bivalves had ingested. Plastics were
recovered from crab haemolymph up to 21 days after initial exposure (Farrell and Nelson,
2013). Additionally, Murray and Cowie (2011) demonstrated that plastics from prey can
accumulate in the gut of langoustine. Similarly, mysid shrimp ingest plastic through
consumption of contaminated zooplankton (Setéla et al., 2014) and fish have also been found

to accumulate plastic through trophic transfer in the lab (Cedervall et al., 2012).

Whilst laboratory studies into the transfer of plastics through the food chain are
relatively common, data from the field are rare. In many cases, movement of plastic from
prey to predator is assumed to occur. It has been proposed that the presence of plastic in fish
could have been due to ingestion of sediment or contaminated prey, such as plankton
(Boerger et al., 2010; Ramos et al., 2012). Indeed, Ferreira et al. (2019) found a link between
prey species and microplastic contamination. Contamination controls were, however,
minimal and no chemical analysis of the particles was conducted. Desforges et al. (2015)
concluded that salmon would be exposed to over 90 pieces of plastic a day through predation
on plankton after reporting that zooplankton in the Northeast Pacific Ocean had ingested
plastic. In turn, fishes could then be passing plastic to top predators (Bravo Rebolledo et al.,
2013; Wright et al., 2013). Plastic pieces have been recovered from the scats of fur seals

(Arctocephalus sp.) and were suspected to have originated from their prey, such as lanternfish
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(Electrona subaspera) (Eriksson and Burton, 2003), which have previously been found to

ingest plastic (Boerger et al., 2010; Davidson and Asch, 2011).

Quantifying plastic transfer through the food web in natura is difficult. Gut evacuation
times vary (Lusher et al., 2017) and as such microplastic retention time may differ between
species. Therefore, plastic ingestion and its movement between organisms is a complex
system. This pathway requires further clarification and the need for more research into the

potential trophic transfer of plastics has been highlighted (Wright et al., 2013).

To overcome the limitations of environmental and laboratory studies, Nelms et al.
(2018) fed wild fish to captive seals in a plastic-free enclosure and compared plastic
abundance in the fish with the seal scats. Both the scats (48%) and the fish (32%) contained
plastic. Nelms et al. (2018) concluded that plastic moved from the fish to the seals. It was
assumed that the fish mistook the plastic for prey rather than ingesting contaminated
plankton as the fragments were too large to be consumed by plankton. Using previous
estimates of plastic load in prey invertebrates, D’Souva et al. (2020) examined trophic transfer
using environmental data. The authors proposed that the concentration of plastic excreted
by Eurasian dippers (Cinclus cinclus) was equivalent to that obtained through contaminated
prey and, as such, trophic transfer was the main route of exposure. The study also highlighted
transfer of plastic from parent to nestling through provisioning as well as accumulation up

trophic levels.

Research into microplastic ingestion in the Thames has thus far focussed on fishes
(McGoran et al., 2017; Horton et al., 2018). Estuaries are often dominated by a few numerous
species and research into microplastics has focussed on such species (Selleslagh and Amara,
2008). Goby (Pomatoschistus sp.), European flounder (Platichthys flesus), sea bass
(Dicentrarchus labrax) and plaice (Pleuronectes platessa) are highly abundant in European
estuaries (Selleslagh and Amara, 2008; Selleslagh et al., 2009). Indeed, in the Thames,
flounder, common goby, sand goby and sea bass are abundant (Clark et al., 2017). Fishes are
an important part of the Thames food chain with numerous species found in the estuary
dominating the diet of local marine mammals (ABP Marine Environmental Research Ltd,
2013). Only one microplastic study in the Thames to date has included a prey species in

addition to fish (McGoran et al., 2018), with another study solely examining microplastic
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retention in a bivalve (McCoy et al., 2020) and a single harbour porpoise from the mouth of
the estuary included in Nelms et al. (2019). Analysing the diet of fishes and their predators

exposes potential sources of plastic as well as documenting ingestion in neglected groups.

Estuarine fish are commonly used to monitor water quality and human impacts on the
aquatic environment (Selleslagh and Amara, 2008; Selleslagh et al., 2009). Indeed, fish are
used as an indicator of anthropogenic influences on transitional waters as part of the
European Water Framework Directive (WDF — Directive 2000/60/EC; Amara et al., 2009).
Platichthys flesus are a major component of demersal biota in European estuaries,
widespread and abundant, and are commonly species used for environmental monitoring
(Kirby et al., 2004; Amara et al., 2009; Marchand et al., 2010). European flounder have been
used to monitor microplastic pollution (McGoran et al., 2017, 2018; Kazour et al., 2018).
Basing food webs analysis around species used in water quality monitoring as well as
microplastic investigations allows for assessment of multiple stressors in an environment.
Therefore, it is important to determine the key prey species of P. flesus that could act as a

route of exposure to microplastics.

Fish in turn can pass microplastics to their predators. Phocoena phocoena and H.
grypus have been reported in the Thames Estuary (ABP Marine Environmental Research Ltd.,
2013; Castello y Tickell and Barker, 2015). Nearly half (45%) of the world’s population of H.
grypus are native to the UK (Thompson and Duck, 2010; SCOS, 2016). Most of the UK’s seal
populations are in Scotland and therefore have been the focus of many surveys (Thompson
and Duck, 2010; Castello y Tickell and Barker, 2015). Over the past decade, UK populations of
harbour seals (Phoca vitulina) have been in decline. Nevertheless, populations on the East
coast of England, such as the Thames, have remained stable or fluctuating (SCOS, 2016; Olsen
et al., 2017). Halichoerus grypus populations, however, are on the rise in the UK (Thompson
and Duck, 2010; SCOS, 2016). Indeed, a recent Zoological Society of London (2021) report
noted that marine mammal populations in the tidal Thames were increasing. Despite this,
Phocoena phocoena is considered a threatened species (ABP Marine Environmental Research
Ltd., 2013). Globally, populations have been stable since 1994 (OSPAR Commission, 2016) but
the species is still threatened due to by-catch (OSPAR Commission, 2008). All three of the
above marine mammals are large and long lived, with H. grypus growing up to 300 kg, Phoca

vitulina reaching 100 kg and Phocoena phocoena weighing between 45 kg and 70 kg, with the

137



pinnipeds living for 20—30 years. Furthermore, in the Thames, there were over 2,000 seal
sightings between 2004 and 2014 (Castello y Tickell and Barker, 2015), with 938 seals counted
in the estuary during a comprehensive survey (Zoological Society of London, 2014). The ten-
year report by Castello y Tickell and Barker (2015) noted that seals have been reported as far
upstream as Hampton Court Palace and have been observed in large groups at Southend-on-
Sea, Greenwich and Crossness. Phocoena phocoena was less commonly sighted in the estuary
with only 398 sightings in the same period but this species has also been reported in the inner

Thames Estuary (Castello y Tickell and Barker, 2015).

Due to a competition for fish stock between fishermen and seals, the diet of seals has
been monitored for many decades (Thompson and Duck, 2010; Brown et al., 2012; Méheust
et al., 2015; Hammond and Wilson, 2016; Vincent et al., 2016). By understanding the diet of
seals and other marine mammals, it is possible to identify which species might be exposing
top predators in the Thames to microplastic contamination. In the UK, seals feed mainly on
small, demersal fish, such as flatfish, sand eels, cod, whiting and ling (Thompson and Duck,
2010; Brown et al., 2012). On average, an adult H. grypus will consume 7 kg of cod, or 4 kg of
sand eels, each day (Thompson and Duck, 2010; SCOS, 2016) and Phoca vitulina being smaller
only require 3-5 kg of food a day (SCOS, 2016). Similarly, Phocoena phocoena needs to
consume ca. 4 kg of food per day to meet its energy requirements (Ross et al., 2016). Due to
their fast metabolism, P. phocoena need to feed multiple times a day. It is estimated that food
passes through the digestive system in as little as 3.5 hours (Ross et al., 2016), whilst Phoca
vitulina take between 2 hours 35 minutes and 6 hours 15 minutes to pass food through the
digestive system (Markussen, 1993). Hard remains, such as otoliths, can remain in the
digestive tract of H. grypus for up to 88 hours (Hammond and Grellier, 2006), but most prey

is likely to be in the digestive system for fewer than 24 hours (Bowen and Harrison, 1994).

In addition to trophic level, seasonal variation in both fish abundance and microlitter
concentrations, as discussed in Chapter 4, may affect rate of ingestion and it is vital to
understand the impact of these factors. Indeed, a review of research into the trophic transfer
of microplastics concluded that studies of temporal variation in microplastic ingestion and
emissions were a necessary future step (Gouin, 2020). This knowledge gap is addressed in the
present thesis in addition to quantifying microlitter accumulation in the Thames Estuary food

web from wild-caught fauna and stranded marine mammals. The hypotheses tested were 1)
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fibres will be the most abundant form of microlitter, 2) ingestion will vary seasonally, 3) high
trophic level organisms and predators will ingest more microlitter than lower trophic levels
and prey species, 4) larger pieces of litter will be ingested by bigger species, and 5) for marine
mammals, litter will be more abundant in the stomach compared to the intestines as reported

by Bravo Rebolledo et al. (2013) and Nelms et al. (2018).
6.2 Materials and methods

Full methods can be found in Chapter 2. The taxa included in this chapter are

amphipods, polychaetes, shrimp, fishes, pinnipeds and cetaceans.
6.2.1 Statistical analysis

Statistical analysis was conducted in R version 4.0.3 (R Core Team, 2020) with the
following packages: “ggplot2” (Wickham, 2016), “MASS” (Venables and Ripley, 2002) and

“multcomp” (Hothorn et al., 2008).

For analysis of temporal variation in microlitter ingestion, species were only included
in analysis if they were recovered on most of the eight sampling dates. If fewer than ten
individuals of a species were recovered on a sampling trip, it was deemed insufficient for
seasonal comparisons and individuals collected on that date were removed from analysis.
GLMs were used to compare the proportion of individuals containing microlitter and
microlitter frequency (zeros were removed to account for skewed data) in the GIT by sampling

date, species, length and mass.

GLMs were used to compare the proportion and amount of plastic contamination
(zeros were removed to account for skewed data) between trophic levels. A linear model (LM)
compared amount of plastic contamination (zeros were removed to account for skewed data)
when size variation was controlled for (i.e., microplastic per mm standard length). Size was
controlled for by length rather than mass as it was not possible to weigh all amphipods,
polychaetes and marine mammals. The best fit model was determined by comparison of AIC
scores. Non-significant variables were systematically removed until only significant factors

remained. Significant variables were then analysed with a pair-wise Tukey post-hoc test.

Model 6.1 — GLM(Ingestion ~ Date + Species, family = binomial)
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Model 6.2 — GLM(Ingested Microplastics ~ Date + Species + Length + Mass, family = gamma

(link = inverse))

Model 6.3 — GLM(Proportion with litter ~ Trophic level, family = binomial)

Model 6.4 — GLM(Amount of microplastics ~ Trophic level, family = gamma (link = identity))
Model 6.5 — LM(Amount of microplastics per mm ~ Trophic level)

6.3 Results

6.3.1 Material collected

Sample size for biota, namely amphipods, polychaetes, shrimp, fishes, pinnipeds and
cetaceans, collected is reported in Table 6.1. Further information for the stranded baleen

whales is available in the Supplementary Material (515).
6.3.2. Contamination

Controls contained clear fibres, clear films, blue fibres, blue films, blue fragments,
black fibres, black films, black fragments, brown fibres, red fibres, red films, white fibres,
white films, grey fibres, green fibres, green films, green fragments, yellow fibres, pink fibres,
purple fibres, purple fragments and tangled fibres. For one individual of H. grypus all green
fragments were removed from analysis as they were suspected to be contamination from a
lab sponge. On average 1.6 microplastics per sample were suspected contamination. The LOD
and LOQ for Corophium volutator were 1.6 and 1.9, with 36% above these values before
correction. For H. diversicolor, LOD and LOQ were 1.6 and 1.9, with 17% above these values.
For Crangon, LOD and LOQ were 2.1 and 3.3, with 3% and 2% above these values. For fishes,
LOD and LOQ were 2.0 and 3.1, with 13% and 8% of GITs and 11% and 6% of gills above these
values. For marine mammals, the LOD and LOQ were 93.3 and 246.3, with 40% and 20% above

these values.
Results below were corrected by recorded contamination and not LOD/LOQ.
6.3.3 Microlitter in biota

Microlitter abundance is summarised in Table 6.1.
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Table 6.1. Microlitter abundance (GIT and gills, where applicable) for River Thames fauna

sampled between December 2018 and September 2020. More details are available in the

Supplementary Material (515).

Species Sample | % with litter Mean Standard
size abundance deviation
Invertebrates
Corophium volutator | 384 53% 0.90 1.14
Crangon crangon 367 27% 0.39 0.95
Hediste diversicolor | 76 26% 0.43 0.85
Fishes
Agonus cataphractus | 6 100% 3.33 1.86
Chelidonichthys 13 69% 1.69 1.89
lucerna
Dicentrarchus labrax | 16 44% 0.94 1.29
Merlangius 30 67% 1.47 1.46
merlangus
Osmerus eperlanus 202 45% 0.96 1.43
Platichthys flesus 258 65% 2.39 343
Pomatoschistus 1 100% 2.00 NA
minutus
Solea solea 187 44% 1.35 2.78
Sprattus sprattus 1 0% 0.00 NA
Trisopterus luscus 102 52% 1.26 1.73
Marine mammals
Halichoerus grypus 4 100% 214.75 70.73
Phocoena phocoena | 1 100% 102 NA
Megaptera 1 100% 74 NA
novaeangliae
Balaenoptera 1 100% 90 NA
borealis
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Microlitter ingestion by invertebrates

Over half (53%) of the Corophium volutator collected contained microlitter.
Collectively, 349 pieces of litter were present which averaged 0.91 + 1.14 (mean % SD) items
per amphipod. Blue fibres were most abundant making up 43% of microlitter recovered. The
average variety in litter forms was 0.77 £ 0.89. A quarter (26%) of the 76 H. diversicolor
contained microlitter with 33 pieces of litter recovered. On average, 0.43 £ 0.85 items were
present per polychaete with an average diversity of forms of 0.34 + 0.62. The most common
form of litter was purple fibres (48%). In total, 367 Crangon crangon were sampled, of which
26% contained microlitter. Overall, 142 items were recovered, averaging 0.39 + 0.95 per
shrimp. As with Corophium, the most abundant form was blue fibres (42% of recovered

plastic). On average 0.33 £ 0.62 forms of litter were present per individual.

Microlitter ingestion by fishes

In total 816 fish were dissected and 54% were found to contain litter, with a combined
1,295 items recovered. Of this, 725 were recovered from the GIT and 570 from the gills. When
all fish are considered together, on average, 1.59 + 2.62 pieces of microlitter were present
per individual. Clear fibres were most commonly ingested and blue fibres were the most

common item on the gills. Fish ingested an average of 1.63 £ 1.79 forms of litter.

Of the prey items recovered from the GIT of fishes during the present study, ten
individuals of Crangon and five amphipods were intact enough to examine for microplastics.
Any plastic ingested by these individuals was included in the count of plastic ingested by the
fish they were recovered from and did not go towards the average ingestion by shrimp or

amphipods. Of these individuals two shrimp and one amphipod ingested plastics (Figure 6.1).

Microlitter ingestion by marine mammals

Halichoerus grypus and Phocoena phocoena ingested an average of 214.75 + 70.73
microlitter and 102 + 0 microlitter, respectively (Table 6.1). Clear fibres made up 66% and 71%
of litter in H. grypus and P. phocoena, respectively. The abundance of clear fibres in H. grypus
was driven by one individual (SS2021_147) which had ingested over 600 debris items.
Excluding this individual resulted in blue fibres becoming the most abundant form of litter

(24% of ingested items). The combined average diversity of plastic forms ingested by H.
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grypus and P. phocoena was 9.80 + 2.59 per individuals. Of the four seals and one porpoise
investigated, only one individual had more microlitter in the stomach than the intestines (25

items compared to three items).

No samples from the GIT could be collected for the humpback whale or sei whale as
there was no evidence of recent feeding. A total of 96 and 92 suspected microplastic items
were recovered from the baleen plates of M. novaeangliae and B. borealis, respectively. FTIR
revealed that all black fragments and films were organic and, as such they were removed from
analysis. This left 74 microlitter items from M. novaeangliae and 90 pieces from B. borealis.
Average microlitter concentrations per baleen plate are recorded in Table 6.2. Most

recovered microplastics were black fibres (Figure 6.2)

Fibres, particularly clear and blue fibres, were the most abundant form of microlitter

ingested.

Table 6.2. Plastic contamination on baleen from two Mysticeti species stranded in the River
Thames, UK. Averages are reported with standard deviation. Exposure per animal is
estimated from average microplastic abundance per plate and published estimates of the
number of baleen plates in Mysticeti. The lower estimate is derived from the average minus
the standard deviation multiplied by the lowest estimates of baleen number, whilst the
upper estimate is the mean plus standard deviation multiplied by the highest recorded

baleen count.

Species Average per plate Exposure per animal
M. novaeangliae 12.33+6.38 1,607-7,484
B. borealis 9+6.57 532-6,384
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Figure 6.1. Plasticingestion by prey recovered from the GIT of fishes from the River Thames.
A) The number of shrimps, recovered from fishes, to ingest microplastics (MPs) and the

amount of MPs from shrimp in the diet of fishes; B) The number of amphipods, recovered
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FTIR analysis of microlitter in biota

A total of 61 items were analysed by FTIR for Corophium volutator, 100% matched
library spectra with all matches over 70%. Only 5% of items were identified as plastic and the
remaining 95% were cellulosic. The most common plastic was PE. All analysed items
recovered from H. diversicolor (39 items) matched library spectra, 97% producing a match of
at least 70%. No items were identified as plastic and 97% were cellulosic. FTIR analysis was

not conducted on items from Crangon crangon.

Only seven items were analysed by FTIR for M. merlangus all of which produced
matches with library spectra. Only 71% produced matches greater than 70%. Over a quarter
of items were plastic (29%) and the remaining 71% were cellulosic. A total of 82 items were
analysed from O. eperlanus, with 99% matching library spectra. Most produced a match
greater than 70% (94%). Most commonly items were identified as cellulosic fibres (77%) with
only 20% matching plastics. Of the items that matched plastic library spectra, most were PES
and PP. A total of 131 items were analysed from P. flesus with 95% of items matching library
spectra and 96% producing a match greater than 70%. Of the identifiable items, 63% were
plastic and 37% were cellulosic. The most common polymers were PES and PP. Sixty-eight
items were analysed for S. solea, all of which matched library spectra and 93% producing a
match greater than 70%. Over half of these items were cellulosic (54%) and 43% were plastic,
the most common of which were PES (13% of all items), PP (10%) and acrylic (9%). Several
fish species were not included in the food web due to low sample sizes or because they were
not identified as key prey species. Seventeen items were analysed by FTIR for the remaining
fish species (Agonus cataphractus, Chelidonichthys Iucerna, Dicentrarchus labrax,
Pomatoschistus minutus and Sprattus sprattus). Of these 94% were identifiable, with 38%

being plastic and 63% being cellulosic. PES was the most abundant plastic (31% of all items).

In total 113 items recovered from H. grypus were analysed by FTIR. Library spectra
matches were found for 90% of analysed items, with 84% having matches greater than 70%.
Only 14% of items were plastic, most commonly acrylic, whilst 80% were cellulosic. Of the 43
items analysed from P. phocoena 95% matched library spectra, 95% of which produced a
match of at least 70%. A quarter of items were plastic (24%), most common of which was

polyacrylate, and 76% was cellulosic.
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For the two mysticete whales, fourteen microplastics were analysed with FTIR for both
species. In both cases semi-synthetic fibres were most abundant. Baleen from M.
novaeangliae contained viscose (36%), PVC (14%), PES (7%), PS (7%) and polybutylene (7%).
A gold film did not match any library spectra. Baleen from B. borealis contained viscose (57%),

PES (14%), PS (7%) and acrylic (7%).
6.3.4 Seasonal variation in microlitter ingestion

Species considered for comparison of seasonal variation in microlitter ingestion were
P. flesus, Solea solea, O. eperlanus, T. luscus, and C. crangon. Trisopterus luscus was present
in almost all samples between December 2018 and September 2020, but after removing
samples with fewer than ten individuals only four samples remained. As a result, T. luscus was
removed from seasonal analysis. Model 6.1 demonstrated that the proportion of individuals
ingesting microlitter between sampling dates varied (p < 0.05, Table 6.3). The greatest
proportion of individuals to ingest plastic was in December 2018 (75%) followed by March
and June 2019 (42% and 43% respectively). The proportion of animals ingesting microlitter in
December 2018 was significantly greater than March and June 2019 which were significantly
higher than all other sampling dates. Between 42% (September 2020) and 96% (December
2019) of P. flesus contained litter. Microlitter contamination in S. solea ranged from 9% (July
2020) to 81% (June 2019). Between 13% (March 2020) and 100% (March 2019) of O. eperlanus
ingested microlitter. Crangon crangon ingested microlitter to a lesser degree across all
sampling dates, with between 8% (June 2019) and 34% (September 2020) of containing
microlitter. Species was also significant in Model 6.1 (p < 0.05, Figure 6.3, Figure 6.4). The
species with the highest proportion of individuals which ingested microlitter was P. flesus and
S. solea (49% and 33% respectively) which was significantly greater than O. eperlanus and C.

crangon (28% and 27% respectively).

AIC scores for error distributions in Model 6.2, where the frequency of microlitter
ingestion was investigated, were as follows: Poisson 1,281.064, Negative Binomial 1,229.486,
Gamma (link = identity) 1,085.159, Gamma (link = log) 1,075.254 and Gamma (link = inverse)
1,065.912. The distribution with the best fit was Gamma (link = inverse). The model revealed
that the length and mass of biota were not statistically significant. Both species and sampling

date were significant (p < 0.05). The greatest mean amount of litter ingested was in June 2019
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(4.1 + 4.3) which was significantly greater than the average plastic consumption in all other
seasons. Platichthys flesus ingested significantly more plastic on average than S. solea (3.2
3.5, 2.3 £ 1.9 respectively), which ingested significantly more plastic that O. eperlanus and C.

crangon (1.7 £ 0.9, 1.4 + 1.4 respectively).

Blue and clear fibres were dominant in the diet of P. flesus, both being the most
abundant form of plastic in about half of samples. Likewise, blue fibres were the most
abundant form of microplastics in S. solea. For four of the seven samples containing the
species blue fibres were predominant, the samples contained more clear, red and purple
fibres. The diet of O. eperlanus was always dominated by blue fibres, regardless of season
with between 31% and 55% of all ingested items being blue fibres. Similarly, blue fibres were
the most ingested form of plastic by C. crangon. In all seasons, blue fibres were most
abundant, with red fibres equally prominent in October 2019 and purple fibres equally

common in June 2019.

The average diversity of microplastics differed between species and seasons.
Platichthys flesus ingested the greatest diversity of microplastic forms in December 2018 (2.9
+ 1.5) and the least diversity in September 2020 (0.5 £ 0.6). Ingested items were between 60
um and 77.9 mm long. Diversity of microplastic form was similar for S. solea with the greatest
diversity in June 2019 (2.3 + 1.8) and the lowest diversity in July 2020 (0.1 £ 0.3), ingesting
items 67 um to 62.3 mm long. Similarly, diversity in O. eperlanus ranged on average from 0.2
+1.5and 2.0+ 1.2 in March 2020 and March 2019/June 2019 respectively. Osmerus eperlanus
contained debris between 32 um and 37.6 mm in length. The diversity of microplastic forms
was lowest in C. crangon. On average the diversity was 0.1 £ 0.3 in June 2019 and 0.5 £ 0.7 in

September 2020. Crangon ingested litter between 75 um and 7.8 mm in length.
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Table 6.3. Seasonal microlitter abundance in biota samples from Erith, River Thames, UK.

Means are reported with standard deviation. More detailed results are available in the

Supplementary Material (510).

Dec Mar June Oct Dec Mar July Sept
2018 | 2019 | 2019 2019 2019 2020 2020 2020
Platichthys flesus
Sample size 45 18 38 34 31 31 30 31
% with litter 96 61 84 62 52 58 43 42
Average (all) 453 +|178+ (484 +|106 +[187 +|213 +|0.63 +|058 +
3.25 1.9 5.52 1.04 2.53 3.59 0.89 0.85
Solea solea
Sample size 0 33 36 37 6 14 34 27
% with litter NA 70 81 32 17 36 9 41
Average (all) NA 145+ 414 + 057 +|0.17 +[{057 +|0.09 +|0.85 %
1.25 5.11 0.96 0.41 0.85 0.29 1.35
Osmerus eperlanus
Sample size 1 21 10 14 33 32 50 40
% with litter 0 100 80 71 39 13 36 38
Average (all) 0 264+|26 +]129 +|085 +|0.16 +|058 *|0.73 ¢
1.76 | 1.9 1.07 1.44 0.45 0.93 1.26
Crangon crangon
Sample size 0 13 50 50 50 104 50 50
% with litter NA 23 8 22 34 26 34 38
Average (all) NA 0.23+|008 +|028 +|044 +|038 +|05 |07 =
0.44 |0.27 0.57 0.76 0.75 0.79 1.91
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6.3.5 Dietary analysis

Proportion of individuals examined

SN T

Species
£ Crustaceans (unidentified) @ Amphipods
Olsopods O Tanaids
B Cumaceans B Crabs
@ Pagurids # Shrimp
B Bivalves B Barnacles
O Gastropods O Shell fragments (unidentified)
B Insects B Hydroids
B Annelids B Bryozoans
B Holothurians O Cephalopods
M Fishes O Vegetation

@ Sediment

Figure 6.5. The most common dietary items of fishes, shrimp and marine mammals in the
Thames Estuary. Prey items were identified to the lowest taxonomic level and grouped, unless

identified to species level. Full results available in the Supplementary Material (S13).

All prey items recovered from Thames fishes are reported in the Supplementary
Material (S13) with the most common prey items included in Figure 6.5. From the fish

specimens collected prior to the present study, four species common in the Thames (P. flesus,
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M. merlangus, S. solea, T. luscus) were selected for analysis. The only prey items consistent
across species were ray-finned fish and caridean shrimp. The diet of P. flesus consisted of
amphipods (68% of individuals ingested Corophium volutator and 2% ingested gammarids),
polychaetes (24%, mostly Nereididae), fish (19%), bivalves (9%) and Crangon crangon (7%).
Other items in the diet included hydroids, vegetation, sediment, insect larvae and mysid
shrimp. Merlangius merlangus ingested shrimp (48% C. crangon, 3% other caridean shrimp
and 31% mysids), amphipods (45%, including Corophium volutator and gammarids), fish
(10%), isopods (7%), bivalves (3%) and vegetation (10%). Decapods (53% Crangon crangon,
6% other caridean shrimp and 6% brachyuran crab), bivalves (35%) and polychaetes (29%)
were common in the diet of S. solea. Other prey items included fish, annelids, cumaceans,
insect larvae and potential holothurians. All T. luscus ingested C. crangon. Other items
recovered from the diet were cumaceans, bryozoans, vegetation, polychaetes and fish (all
16%). It was not possible to identify which species of fish were ingested from these samples,

which mostly consisted of tissue.

During the present study, prey items were recovered from samples during dissection
and after digestion. The results were comparable to those of the previously examined
specimens. Of the 258 examined P. flesus, 157 contained identifiable prey items. The most
common prey items were amphipods sp. (45% of individuals with prey), Corophium (34%),
shrimp (unidentified, 28%) and stones/sediment (20%). Other prey items included
polychaetes (5%), Crangon (5%), isopods (4%), fish (4%), bivalves (3%), barnacles (2%),
gastropod shells (2%), vegetation (2%), Carcinus maenas exuviae (1%), damselfly nymph
(<1%) and shell fragments (unidentified, <1%). Shrimp dominated the diet of both T. luscus
(100 of 102 studied individuals contained identifiable prey) and M. merlangus (29 of 30) with
88% and 86% of fish ingesting shrimp, respectively. Fish remains were also commonly
recovered from both species (16% and 55%, respectively) with amphipods making up a large
portion of the diet for T. luscus (33%). Over 180 S. solea were collected in the present study,
of which 145 had identifiable items in the GIT, most commonly amphipods (76%), sediment
(29%) and polychaetes (23%). Other items included shrimp and fish. In the present study, 202
individuals of O. eperlanus were collected and 102 of these contained identifiable prey. The
diet of O. eperlanus was almost exclusively shrimp and amphipods, with a slightly higher

proportion of individuals predating up amphipods (67%) than shrimp (46%). For all studied
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species, it is unclear whether the barnacles, bivalves, gastropods and shell fragments are truly

prey items or whether it is accidental consumption along with sediment and vegetation.

Of the 116 C. crangon collected in McGoran et al. (2018), 53 contained material in the
GIT (Figure 6.5). The most commonly ingested items were crustacean remains (unidentified,
43%), polychaetes (23%) and amphipods (19%) including Corophium volutator (8%). Only 24
of the 367 Crangon crangon collected in the present study contained prey, most commonly
amphipods (58%), including at least one species identifiable as Corophium volutator.
Polychaetes and sediment were also identified. The remaining prey species (C. volutator and
H. diversicolor) contained no identifiable prey and as a result no dietary analysis could be

conducted.

Of the two top predator species studied (H. grypus and P. phocoena, n = 5), only two
individuals, both H. grypus, contained identifiable prey. Fish dominated the diet and whole
fish present in the GIT were identified as garfish (Belone belone; Supplementary Material,
S12). Otolith identification is reported in Figure 6.6. Otoliths were also recovered from 24 fish
(11 M. merlangus, 10 T. luscus, 1 O. eperlanus, 1 P. flesus and 1 Chelidonichthys lucerna). Solea
solea was the most commonly ingested species (83% of M. merlangus, 100% C. lucerna).
Other species present in the diet of M. merlangus included European smelt (Osmerus

eperlanus), goby, herring or sprat, M. merlangus and a possible eel (Anguilla anguilla).
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Figure 6.6. Fish remains recovered during dietary analysis, including otoliths and skeletal

remains. Where possible, fish size was estimated using Harkénen (1986) and Camphuysen

and Henderson (2017). A) Halichoerus grypus (grey seal), B) Merlangius merlangus

(whiting), C) Chelidonichthys lucerna (tub gurnard), D) Trisopterus luscus (pouting).
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6.3.6 Food web structure

The results of dietary analysis informed the structure of the food web developed for
analysis (Figure 6.7). Of the ten fish species sampled, only four were included in the Thames
food web: M. merlangus, Platichthys flesus, S. solea and T. luscus. The average amount of
plastic ingested by these species is summarised in Table 6.1 and the averages for trophic levels
three and four are reported in Figure 6.8. At the base of the food web are Corophium volutator
and Hediste diversicolor. These species are present in the diet of most fish and Crangon
crangon, which forms level 2. Crangon crangon is fed on by many fishes, mostly commonly
midwater species such as M. merlangus, but is not directly predated upon by top predators.
Levels 3 and 4 consist of the most common fish species in the Thames that are also present
in the diet of top predators. Level 3 contains P. flesus and S. solea. Whilst there was no
evidence of flounder in the diet of Halichoerus grypus or Phocoena phocoena, otoliths of
Pleuronectes platessa were recovered and the species occupy a similar niche and are
comparable in terms of plastic exposure. Merlangius merlangus and T. luscus make up level
4. These species have a higher proportion of fish in the diet, notably S. solea, and are thus
more likely to ingest plastic if trophic transfer and bioaccumulation occur in this system.

Finally, level 5 is the top predators in the estuary, H. grypus and Phocoena phocoena.

As a quantitative comparison to the qualitative dietary assessment, the EcoSim model
with EcoPath (ICES, 2017; Mackinson et al., 2018) was used. The model provided quantifiable
trophic levels for North Sea biota from 1991. The model is not directly comparable to the
Thames as feeding strategies, and therefore potentially trophic level, might differ between
the open sea and an estuarine environment. The model produced the following trophic levels:
infauna 2.87-2.95, shrimp 3.05, large crabs 3.76, small gadoids 3.80, sole 4.00, juvenile
whiting 4.25, whiting 4.36, flounder 4.38, large gadoids 4.51, baleen whales 4.44, and seals
4.97. The main difference between the observed and modelled trophic levels, is that P. flesus

moves from level 3, with S. solea, to level 4, with T. luscus and M. merlangius.
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Figure 6.7. Simplified Thames Estuary food web developed from dietary analysis in the
present study. Based on their position in the food web, species have been assigned a level
of 1-5. Corophium volutator and Hediste diversicolor are level 1, Crangon crangon are level
2, Platichthys flesus and Solea solea are level 3, Trisopterus luscus and Merlangius
merlangus are level 4 and the top predators Halichoerus grypus and Phocoena phocoena

are level 5.
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Figure 6.8. Microlitter ingestion per trophic level. Level 1: Corophium volutator, Hediste
diversicolor; level 2: Crangon crangon; level 3: Solea solea, Platichthys flesus; level 4:

Merlangius merlangus, Trisopterus luscus; level 5: Halichoerus grypus, Phocoena phocoena.
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Figure 6.9. Microlitter ingestion per trophic level. Grey points are individual values, black

points are the means and bars are + standard deviation.
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Figure 6.10. Microplasticingestion per trophic level when the size of organisms is controlled
for. Zeros were removed from the dataset to account for skew. Grey points are individual

values, black points are the means and bars are + standard deviation.

Table 6.4. Predicted microlitter exposure of top predators in the Thames Estuary based on
the number of fish which would need to be consumed to reach their required daily intake

(7 kg for grey seals and 4 kg for harbour porpoise).

Halichoerus grypus Phocoena phocoena
Species Consumption | Mean | SD Consumption | Mean | SD
Merlangius | 22 33.0 33.0 |12 18.0 18.0
merlangus
Platichthys | 19 45.6 64.6 |11 26.4 37.4
flesus
Solea solea | 17 23.8 47.6 |10 14.0 28.0
Trisopterus | 46 59.8 78.2 | 26 33.8 44.2
luscus
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Microplastic per trophic level are summarised in Figure 6.8 and 6.9. Using the trophic
levels determined through dietary analysis, Model 6.3 determined that a significantly higher
proportion of individuals (p < 0.01) from trophic levels 3-5 contained microlitter compared to
level 1, which was in turn statistically greater than level 2. The EcoSIM modelled trophic levels
find a similar significant difference (p < 0.01) with the highest proportion of biota to ingest
microlitter in levels 4 and 5, followed by levels 1 and 3 and level 2 with the lowest proportion.
The amount of plastic contaminating trophic levels was also significantly different (p < 0.05)
as determined by Model 6.4 (AIC scores: Poisson 3,588.717, Negative Binomial 2,466.566,
Gamma (link = identity) 2,206.123, Gamma (link = log) 2,206.123, Gamma (link = inverse)
2,206.123). Level 2 and level 1 were significantly less contaminated than level 4, which is
below level 3, which in turn is less that level 5 (Figure 6.9). As with Model 6.3, when run with
the EcoSIM modelled trophic levels, Model 6.4 produces similar results (p < 0.05; AIC scores:
Poisson 3,609.843, Negative Binomial 2,478.799, Gamma (link = identity) 2,222.910, Gamma
(link = log) 2,222.910, Gamma (link = inverse) 2,222.910). In this version of the model, level 1
and 2 contain the fewest microlitter items, followed by levels 3 and 4, with level 5 biota
ingesting the greatest amount of marine litter. When size is accounted for in Model 6.5,
trophic level is still statistically significant (p < 0.01, R? = 0.3964, F-statistic = 480.9, degrees of
freedom = 620). On average, 0.06 + 0.1 microplastics were present per mm, with a variance
of 0.02. When zeros were removed to account for the skewed data, the mean was 0.1 £ 0.2
with a variance of 0.04. Trophic level 1 had significantly more microplastics present for its size
(0.3 £0.2 compared to 0.03 + 0.03, 0.03 £ 0.03, 0.02 £ 0.02 and 0.06 £ 0.05 for trophic levels
2-5 respectively; Figure 6.10). The proportion of individuals to ingest microlitter and the
amount ingested is significantly higher in higher trophic level organisms, supporting
hypothesis three. Predicted ingestion from fish size and mean contamination in these species
can be used to predict exposure from Thames marine mammals (Table 6.4). When size is
considered, however, lower trophic level organisms ingest more litter for their size. This
indicates that trophic level and feeding strategy alone are not indicators for microlitter

ingestion.
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6.3.7 Types of microlitter present

Diversity of microlitter forms was on average 0.77 + 1.47 in Corophium volutator, 0.34
+ 1.3 in Hediste diversicolor, 0.33 £ 1.25 in Crangon crangon, 1.09 * 2.05 in fishes and 9.75 *

2.99 in P. phocoena and Halichoerus grypus (Supplementary Material, S15).

Blue fibres were the dominant form of microlitter in fauna across almost all trophic
levels (level 1 41% of microlitter, level 2 42%, level 3 23%, level 4 38%, level 5 20%, Figure
6.11). Level 3 fauna had a similar proportion of clear fibres to blue fibres (24%) and level 5
fauna were contaminated with more clear fibres than blue fibres (32%). After blue fibres, the
most common litter forms in level 1 fauna were purple fibres (24%) and black fibres (11%). In
level 2 it was red fibres (14%) and purple fibres (12%), whilst black fibres (10%) were most
abundant after blue and clear fibres in level 3 fauna. In level 4 fauna clear fibres were the
second most abundant form of litter (14%) followed by red fibres (12%) and in level 5 fauna
black fibres were the most abundant (14%) after clear and blue fibres. Following a different
trend, white fibres (29%) and clear fibres (28%) were most dominant in sediment with black

fibres third most abundant (8%).

The average length of litter in sediment was 1,961 + 2,315 um (Chapter 4). Whilst litter
measured between 14 um and 5.5 mm in trophic level 1, between 75 pm and 7.8 mm in
trophic level 2, between 60 um and 77.9 mm in trophic level 3, between 39 um and 34.6 mm
in trophic level 4 and between 62 um and 29.8 mm in trophic level 5 (Figure 6.12;
Supplementary Material, S15). Small microlitter (as defined by Hanke et al., 2013) make up
the largest portion of particles in trophic levels 1 and 2, whilst large microlitter are more
common in sediment and trophic levels 3—5. Mesoplastics and macroplastics are rare (Figure
6.13). Most plastic in the sediment and ingested by fauna is less than 100 um in width
(sediment: 78%, trophic level 1: 99%, trophic level 2: 95%, trophic level 3: 92%, trophic level
4: 93%, trophic level 5: 89%). Plastic items wider than 1 mm were only recorded in sediment
and trophic levels 3=5. This only accounted for between 1% and 2% of plastic. In general,
higher trophic level organisms, which are typically larger, ingest larger plastic items. This

supports hypothesis four.
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Figure 6.11. Microplastic form (shape and colour) diversity between trophic levels, where trophic

level 1 is Corophium volutator and Hediste diversicolor, level 2 is Crangon crangon, level 3 is Solea

solea and Platichthys flesus, level 4 is Merlangius merlangus and Trisopterus luscus and level 5 is

Halichoerus grypus and Phocoena phocoena, and sediment (Chapter 4).
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Figure 6.12. Length of plastics between trophic levels, where trophic level 1 is Corophium
volutator and Hediste diversicolor, level 2 is Crangon crangon, level 3 is Solea solea and
Platichthys flesus, level 4 is Merlangius merlangus and Trisopterus luscus and level 5 is
Halichoerus grypus and Phocoena phocoena. Grey points are individual values, black points

are the means and bars are * standard deviation.
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Figure 6.13. Length of particles divided by size fractions between trophic levels, where
trophic level 1 is Corophium volutator and Hediste diversicolor, level 2 is Crangon crangon,
level 3 is Solea solea and Platichthys flesus, level 4 is Merlangius merlangus and Trisopterus

luscus and level 5 is Halichoerus grypus and Phocoena phocoena.

6.4 Discussion

Biota in the Thames Estuary were shown to ingest microlitter throughout the sampling
period, regardless of species and feeding strategy. Ingestion ranged on average from 0.39 +
0.95 items per individual of C. crangon to 214.75 + 70.73 items per individual of H. grypus.
Fibres were most commonly ingested, as predicted by hypothesis 1. Temporal variation was
reported as well as significant differences between trophic level, supporting hypotheses 2 and
3. The greatest proportion of individuals contaminated with microlitter in the GIT occurred in

December 2018 and predators ingest the most litter when organism size is not considered.

With regards to seasonal variability, the highest proportion of individuals ingesting
litter was recorded in December 2018, March 2019 and June 2019. Sediment samples

collected on these dates (Chapter 4), conversely, generally had low concentrations of
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microlitter. Both a greater proportion of individuals were contaminated by microlitter and a
higher average number of items were recovered from fauna in June 2019, which corresponds
with the greatest cumulative rainfall over the eight-day period leading up to sampling. As
microlitter ingestion varied significantly, in terms of both the proportion of contaminated
individuals and the amount of litter ingested, hypothesis 2 is supported. Similarly, Daniel et
al. (2020) found that shrimp (Fenneropenaeus indicus) were most contaminated by
microplastics during the monsoon season in India and Devriese et al. (2015) noted that C.
crangon ingested more microplastics in October compared to March. It was proposed that
this was due to increased riverine inputs from higher volumes of rainfall. The same was true
of subadult grunt (Pomadasys ramosus) which ingested the most plastic in the rainy season
in Brazil. Roughneck grunt (Haemulidae corvinaeformis), however, ingested the most plastic
in the dry season when its diet was predominantly a bivalve (Anomalocardia flexuosa). In the
rainy season, P. ramosus fed on benthic inverts and therefore diet, especially feeding on
benthic organisms (Silva et al., 2018), might be a more significant factor than rainfall. Indeed,
Ferreira et al. (2018; 2019) reported that microplastic ingestion was greatest in the rainy
season but concluded that individuals which ingested more fish also ingested more
microplastics. During the lifecycle of estuarine fish, there are ecological shifts which prevent
conflict between species and conspecifics of a different age. This can also affect seasonal
microplastic ingestion (Ferreira et al., 2019). Seasonal ingestion can also vary with changes in
use of the estuary. For instance, increased fishing in the rainy season resulted in more blue
microplastics being ingested by fish (Ferreira et al., 2018). It should be noted, however, that
fishing intensity is not always correlated with plastic ingestion (Welden et al.,, 2018).
Additionally, no commercial fishing occurs in the Thames Estuary upstream on Lower Hope
Point (near the mouth of the estuary), but variations in other activities, such as recreational

use, might play a role.

Crangon crangon and O. eperlanus ingested fewer microlitter items on average than
P. flesus and S. solea. Crangon ingested an average of 1.4 + 1.4 pieces per individual. Ingestion
of microplastics by shrimp vary in their estimates. A similar quantity of plastic was recovered
from the following carideans, C. crangon in Belgium (1.23 + 0.99 per individual, Devriese et
al., 2015) and Aristeus antennatus from the Mediterranean Sea (1.66 + 0.11 per individual,

Cau et al., 2019), which is higher than estimates from India (Fenneropenaeus indicus 0.39 *
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0.6 per individual, Daniel et al., 2020) and Australia (Paratya australiensis 0.52 + 0.55, Nan et
al., 2020). Higher quantities have, however, been reported in caridean species from
Bangladesh (Penaeus monodon 6.6 * 2 per individual, Metapenaeus monocerous 7.8 * 2 per
individual, Hossain et al., 2020), the Persian Gulf (Penaeus semisulcatus 7.8 per individual,
Abbasi et al., 2018; P. semisulcatus 0.36 per gram with an average weight of 12.4 g, estimated
at 4.5 items per individual, Akhbarizadeh et al., 2019) and China (C. affinis 29.4 per individual,
Wang et al., 2019). Certainly, microplastic ingestion in C. crangon in the River Thames (present
study) is far lower than that of brachyuran crabs (Chapter 5). Cau et al. (2019) reported that
Nephrops norvegicus ingested more plastic on average than A. antennatus from the same
area (5.5 + 0.8 per individual) and proposed that N. norvegicus had a less selective feeding
strategy which exposed it to a greater number of microplastics. Certainly, both Carcinus
maenas and E. sinensis are non-selective, opportunistic scavengers and therefore may be
more likely to ingest microlitter. Similarly, Platichthys flesus and Solea solea are opportunistic
ambush predators which may explain the difference in microlitter ingestion between them
and C. crangon and O. eperlanus in the present study. It can also be noted that both P. flesus
and S. solea are closely associated with the riverbed where litter is known to accumulate
(Chapter 3 & 4). Previous studies have highlighted that diversity of prey does not increase
exposure to plastic but predating on endobenthic fauna increases microplastic ingestion
(Carrera-Colom et al., 2018). Platichthys flesus and S. solea mostly feed on polychaetes and

benthic amphipods, such as Corophium volutator.

Wootton et al. (2021) reviewed microplastic ingestion in fish and concluded that
approximately half of all sampled fish ingested microplastics with average of 3.5 items per
individual. A similar amount of plastic was recorded in a previous study of fishes in the Thames
Estuary (McGoran et al., 2018) as well as in the present study. Whilst spatial variation was not
investigated in the present study, Wootton et al. (2021) found that location was a significant
factor in microplastic ingestion by fish. Species ecology was also significant, with detritivores
ingesting more plastic particles. This could explain why P. flesus and S. solea ingested more
microplastics than O. eperlanus and Crangon crangon, due to their close association with the
riverbed. As ecology changes through a fish’s lifecycle, plastic ingestion may also vary over

time (Silva et al., 2018).
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With impact of feeding strategy on microlitter ingestion, comes discussion of trophic
transfer. The possibility of microlitter moving through food webs has long been a question of
debate. Often studies assumed that trophic transfer occurred without studying the issue
further. Researchers that have investigated the topic, in the field and in the laboratory, have
provided evidence both for and against transfer, bioaccumulation and biomagnification of
microplastics. Ultimately, it is a topic which requires clarification (Mcllwraith et al., 2021). Au
et al. (2017) noted that trophic transfer occurred regularly and concurrently with direct
ingestion. A recent review (Miller et al., 2020) found that microplastics bioaccumulate but
that biomagnification is not supported by the available data. Akhbarizadeh et al. (2019) and
Walkinshaw et al. (2020) also concluded that biomagnification was not probable. Other
reviews have agreed that biomagnification is not supported but also find that
bioaccumulation is not possible (Gouin, 2020). The disagreement appears to be the result of
varied definitions of bioaccumulation. Miller et al. (2020) defined bioaccumulation as the rate
of egestion being less than the rate of intake, whilst Gouin (2020) defined it as an organism
containing more microplastics than the surrounding environment. Gouin (2020) concluded
that trophic transfer would be more influenced by translocated particles that had moved out
of the GIT rather than microplastics being retained. Whilst translocation may increase the
retention time in the environment, it is not the only pathway for the transfer of plastics. Many
predators can ingest whole prey if it is smaller than themselves, unlike scavengers who may
consume only parts of prey. The assumption by Gouin (2020) that plastic in the GIT is not
likely transferred to predators is flawed. Few studies have combined the environmental
relevance of field observations with the controlled approach of experimental studies. Nelms
et al. (2018) used captive seals and wild caught fish to demonstrate that microplastics can be

transferred to top predators via their prey.

In addition to evaluating the likelihood of biomagnification and bioaccumulation,
Miller et al. (2020) addressed gaps in the literature. Their review concluded that more
research is needed to understand the retention time of plastics once ingested and the fate of
chemicals associated with plastics. Diepens and Koelmans (2018) modelled an Arctic food
web, which included Atlantic cod and polar bears, and found that plastic-associated chemicals
can bioaccumulate. It depended, however, on the specific chemical. Polychlorinated

biphenyls accumulation decreased with increased plastic ingestion, whilst polycyclic aromatic
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hydrocarbon concentrations increased with plastic ingestion. Batel et al. (2016) also explored
the trophic transfer of plastic and chemical pollutants in combination, reporting that both
accumulated in Danio rerio (zebrafish). Virgin microplastics caused no physical harm to the
intestinal lining, but benzo[a]pyrene was desorbed in the intestine and translocated to the
liver. Experiments which have exposed Platorchestria smithi (beach hoppers) to
environmentally relevant concentration of microplastics which sorbed chemical pollutants
from the natural environment found that whilst Bathygobius krefftii (Krefft’s frillgobies)
ingested contaminated beach hoppers, chemical uptake was not increased with microplastic
exposure (Tosetto et al., 2017). Whilst evidence might suggest microplastics do not influence
chemical uptake in fish, in fat-rich mammals, such as cetaceans, it may be more likely to pose

a threat.

The present study demonstrated that the transfer of litter from prey to predators is
possible in the River Thames. Three prey items recovered whole from the GIT of Thames fishes
were found to contain microlitter. For two of these prey animals, the contamination they
contained accounted for all items ingested by the fish predator. In addition, two individuals
of Platichthys flesus were found with remains of Carcinus maenas in the GIT. Whilst no
evidence of microlitter was found in the recovered remains, it highlights the possibility of the
large quantities of plastic present in brachyuran crabs (see Chapter 5) being transferred to
their predators. Certainly, all studied top predators in the Thames Estuary ingested
microplastics and had significantly higher quantities in their GITs than lower trophic level
organisms. Over 190 pieces of microlitter were ingested on average by trophic level 5
organisms whilst fauna from levels 2—4 ingested on average 1.3-2.0 microlitter items and
level 1 species ingested fewer than one particle each on average. This supports the outcomes
of theoretical models which have predicted that predators are more at risk of ingesting

microplastics (Huang et al., 2020).

Retention of microplastics in the GIT is a key component for the potential for trophic
transfer and bioaccumulation, but it is poorly understood. Bravo Rebolledo et al. (2013)
reported that 12.2% of harbour seals had ingested plastic, with a greater abundance of plastic
in the stomach compared to the intestine. Nelms et al. (2018) also reported that marine
mammals might retain plastics in the stomach. In the present study only one of the four

studied individuals of H. grypus had more microplastics in the stomach compared to the
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intestine. This contradicts hypothesis 5 which predicted that debris would be retained in the
stomach. Between eight and 25 particles were present in the stomach compared to three and
605 in the intestines. Similarly, P. phocoena had more microplastics in the intestines (61)
compared to the stomach (41). There was, however, more plastic in the fore stomach (36)
compared to the fundic stomach (4) and pyloric stomach (1). Sample size in the present study
was unfortunately small, making it hard to draw conclusions. It is possible that when the
stomach contains multiple compartments, such as in porpoises, the plastic is retained for a
short period in the fore stomach. This might be aided by the highly folded stomach lining. The
same was suggested in Neophocaena asiaeorientalis sunameri (East Asian finless porpoise)
from China which contained more plastic at the beginning of the intestines (Xiong et al., 2018).
Future studies should use a systematic examination of the intestines for marine mammals to

allow for movement of microplastics through the digestive tract to be monitored.

It has been demonstrated that brine shrimp can egest microfibres more effectively
compared to microbeads with a maximum retention time of 96 hours for beads. Additionally,
brine shrimp have a shorter retention time if food was also consumed (Bour et al., 2020). Sea
anemones readily ingest microplastics but were reported to never retain plastic for more than
a few hours. Furthermore, retention time was shorter if the microplastic was previously
egested then re-consumed (Diana et al., 2020). Insect larvae, which were recorded in some
of the fish specimens in the present study, can evacuate microplastics from the gut naturally
(Windsor et al., 2019b), suggesting they may have a low retention time. Some fish have been
found to retain plastic for up to seven weeks, but on average tend to egest it after just one
week (Ory et al., 2018). Whilst Bour et al. (2020) found that fish never retained plastic in the
digestive tract for more than 48 hours, retention time was longer if the plastic was on the gills
instead of in the GIT. Dos Santos and Jobling (1991) studied gastric emptying in Gadus morhua
(Atlantic cod) and found that particles smaller than 2 mm easily passed through the pylorus,
whilst particles 5 mm or larger were retained in the stomach for prolonged periods.
Therefore, fishes might be more likely to transfer larger plastic particles to their predators.
Due to the logistical limitations, a 300 um mesh was used during the processing of top
predator samples whilst a 32 um mesh was used for filtering all digestions and density
separations. As a result, smaller items ingested by H. grypus and P. phocoena may have been

missed in the present study. This means that the recorded microplastic ingestion might be an
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underestimation and it also hinders the comparison of the size of plastic ingested between
trophic levels. Despite this, the best effort has been made to discuss variations in microplastic

ingestion by size.

Plastics in the sediment samples are primarily 1 mm to 4 mm long (Chapter 4), whilst
trophic level 1 organisms primarily ingest microplastics smaller than 1 mm. This suggests
some selective feeding by particle size and due to the greater abundance of small
microplastics in C. volutator and H. diversicolor it is likely that some bioaccumulation may
occur. The proportion of small microplastics in the diet decreases up the food chain as
organisms are not only receiving plastic through trophic transfer but direct consumption as
well. Larger animals can ingest larger plastics, which means a wider range of plastic is
bioavailable to them. The size distribution of microplastics is similar between trophic levels
3-5, which means it is possible for these particles to be transferred up the food chain. Few
meso- and macroplastics were consumed, mostly by higher trophic level organisms. Fibres
are the main type of large plastic ingested. Their width is far narrower that their length and
whilst they may measure several millimetres in one dimension, they are only a few

micrometres in another. Some large films were also ingested.

Translocation of microplastics from the GIT or gills to other tissues likely increases the
chance for trophic transfer as the plastic will remain in the organism for longer. Farrell and
Nelson (2013) reported the trophic transfer of microplastics from Mytilus edulis to Carcinus
maenas as well as the translocation of plastic to the haemolymph of the crab. The
concentrations used were, however, extremely high. Similarly, Stienbarger et al. (2021)
reported that virgin and chemically-treated microplastics biomagnified up the food chain,
impacting immune response and oxygen consumption in juvenile fish, but the concentrations
used were unrealistically high. This is a common problem of exposure studies and
investigations into biomagnification (Miller et al., 2020). Whilst translocation to several
tissues has been documented (Crooks et al., 2019), the plastics involved are usually smaller
than can be detected in the present study. Our understanding of the topic is still developing,
but it appears that the properties of the ingested micro- or nanoplastic affect its likelihood of

being translocated (Mcllwraith et al., 2018).
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A higher proportion of blue fibres were recovered across all trophic levels compared
to sediment samples. This could indicate selective feeding on blue fibres in at least one level
of the food web. Xiong et al. (2018) and Zantis et al. (2022) also noted that marine mammals
frequently ingested a high number of blue fibres, highlighting that blue fibres may be
particularly abundant in the environment or readily ingested by small prey species. It has been
demonstrated, for instance, that planktivorous fish show a preference towards certain
colours of plastic (Ory et al., 2017; 2018). In the case of Ory et al. (2017) fish ingested blue
plastic of a similar size to its blue copepod prey. Fishes and marine mammals in the Thames
Estuary (levels 3-5) also ingested a high number of clear fibres which are dominant in
environmental samples, suggesting that level 1 and/or level 2 fauna might be biased towards
ingestion of blue fibres in the environment. These fibres may then be transferred to the
higher-level predators. Additionally, more red fibres and purple fibres were present in fauna
compared to sediment, especially in polychaetes, amphipods and shrimp (levels 1-2). Blue
fibres were, however, also common on the gills of fishes and it may be the case that blue
fibres are common in the water column but not in the sediment sampled in the present study.
No water samples were collected in the present study and previous studies into microplastic
pollution in the surface water of the Thames excluded fibres from analysis because of

contamination concerns (Rowley et al., 2020).

Whilst the evidence in the present study suggests that Crangon, Corophium and
Hediste might be preferentially feeding on some forms of litter, the literature suggests that
shrimp typically consume plastics passively. Nan et al. (2020) reported that blue fibres were
the most abundant form of microplastics in both shrimp and surface waters and that
therefore direct ingestion from the water occurred. The presence of clear fibres in the
digestive tracts of fishes and top predators in the Thames certainly suggests that these species
are directly consuming plastic in addition to the transfer of blue fibres from prey. Although,
more litter was present in the digestive tract of fish than on the gills, as was also the case in
estuarine brachyuran crabs (Chapter 5), suggesting that ingestion and perhaps trophic

transfer is the main route of exposure rather than passive intake of contaminated water.

The present study also highlights that whilst white fibres are highly abundant in the
environment, they are rarely ingested. A similar observation can be made for tangles of

microplastics which are most common in trophic levels 3 and above. Perhaps the presence of
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tangles in the predators in the Thames Estuary is due to the consumption of brachyuran crabs
which were found to contain large tangles of plastic in the GM (Chapter 5). Certainly, a small
number of crabs were recovered from the digestive tract of a few fish specimens during
dietary analysis. Another discrepancy between plastic present in fauna and sediment is the
abundance of white films in sediment. It has been shown that sewage-related debris, such as
sanitary pads, is abundant on the riverbed and that it can be ingested by some organisms
(Chapter 5). It seems that the species in the present chapter, however, are less likely to

consume white films potentially from sanitary pads.

Cellulosic fibres were more abundant in fauna whilst PP was dominant in sediment
samples. Similar to the abundance of blue fibres in the diet over the white fibres abundant in
sediment, the presence of cellulosic fibres up the food chain suggests that microplastics are
indeed transferred from prey to predators. Though it is not clear why cellulosic fibres are so
abundant in fauna given they make up a relatively small portion of environmental plastics. It
is not only the present study that finds PP to be the dominant polymer in the Thames Estuary.
Rowley et al. (2020) found that the surface water of the Thames contained mostly PP and PE.
They did not, however, record fibre abundance and therefore may not have detected the

cellulosic polymers, such as viscose.

Corophium volutator ingested, on average, twice as much plastic as Hediste
diversicolor and Crangon crangon. Corophium is a deposit feeder and this may expose it to a
greater number of microplastics. Hediste can adopt a range of feeding strategies from grazing
to carnivory and the species is also known to produce a mucus sheet to trap organic material
prior to consuming it. These feeding strategies may allow the polychaete to be more selective
about the food it consumes. The use of different feeding strategies therefore affects the
shape of microplastics H. diversicolor can ingest (Porter et al., 2023). The study by Porter et
al. (2023) found that filter feeding individuals ingested more fibres than deposit feeding
worms; concluding that unless fibres were present in an orientation parallel to the worm,
they were not bioavailable. Brine shrimp have been shown to preferentially ingest
microbeads over fibres (Bour et al., 2020). How a predator detects its prey seems to be key in
determining whether the animal is likely to ingest or avoid litter. Visual foragers consume
debris that resembles their prey whilst chemosensory species can avoid plastics (Roch et al.,

2020). Yardy and Callaghan (2020) demonstrated that the freshwater amphipod Gammarus
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pulex could detect microplastic in food and chose food sources that did not contain plastic.
Certainly, there is evidence that Crangon crangon might preferentially ingest fibres and may
avoid microspheres (Devriese et al., 2015). By comparison, Crangon prey on juvenile fishes in
addition to being prey for adult fishes (Selleslagh and Amara, 2008). As such, the species may
be exposed to some of the plastic ingested by higher trophic organisms. The evidence from
the present study, however, demonstrates that they are ingesting a significantly lower
guantity of microplastics compared to the studied fishes. It is possible that juvenile fish
consume less than adults. The low level of plastic present in Crangon suggests that the species
might be better able to egest microplastics than other crustaceans in the estuary (Chapter 5).
This could explain why species which ate more shrimp, such as M. merlangus and T. luscus,
ingested fewer plastic than fish with an amphipod diet, including P. flesus. Solea solea,
however, also consumed mostly amphipods but had a similar average ingestion to M.
merlangus and T. luscus. This could be the reason why trophic levels 3 and 4 were not
significantly different. Merlangius merlangus and T. luscus were placed in a higher trophic
level than other fishes as they had a piscivorous diet. It is likely that the fish in the diet was in
fact opportunistic foraging on juvenile sole, which as discussed may ingest fewer
microplastics. Adult S. solea are typically 30—-40 cm (Wheeler, 1978). Whereas, in the present
study, estimates of fish size from otoliths recovered from the GIT of M. merlangus are less
than 15 cm and are therefore likely to be juveniles. Indeed, S. solea breed in coastal waters in
the spring and early summer (Wheeler, 1978) and juveniles are likely abundant in the estuary
in the summer. Certainly, S. solea are one of the most abundant small fishes (standard length
1-10 cm) in the Thames Estuary and over 680 were recovered between September and
December 2012 (Clark et al., 2017). Both M. merlangus and T. luscus may actually share the
same trophic level as the flatfish in the estuary with species such as gobies occupying a lower
trophic level. Solea and P. flesus occupy similar niches in the estuary, which could infer that
the species would be exposed to similar plastic loads. The sample size of S. solea varied by
season, with the largest samples occurring in the summer and autumn (see Chapter 4, Table
4.2). Whilst P. flesus was present in the estuary year-round. Evidence suggests that S. solea is
present in some parts of the Thames Estuary all year but spawns in the estuary and juveniles
develop there between January and June (Zoological Society of London, 2016). During this
period numbers in the Thames may be higher. Migration down the Thames was proposed as

one of the possible factors that allowed Eriocheir sinensis to ingest more plastic that Carcinus
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maenas (McGoran et al., 2020; Chapter 5). As S. solea migrate to and from nursery grounds,
they may be exposed to different concentrations of microplastics. Further research is required
to explore spatial variation of pollution in the Thames and variation in ingestion at different

life stages of S. solea in the estuary.

Whilst Halichoerus grypus ingested fish present in the estuary, Belone belone (garfish)
was the most abundant prey item. The species is primarily an offshore fish but can be found
inshore during summer and autumn (Wheeler, 1978). Whilst not likely to enter the Thames,
B. belone start to move inshore during the late spring. The two H. grypus individuals that
ingested garfish were reported stranded in May and October. Therefore, the seals may have
fed outside of the Thames but were in the near vicinity as the remains still contained flesh
and the meal was likely only a few hours old. Soft tissue would likely be fully digested within
2—-6 hours based on estimates of food passage time in Phoca vitulina (Markussen, 1993). Many
of the B. belone recovered were found without heads. The lack of heads in the digestive tract
could be an indication that seals opportunistically forage on fish used as bait in long line
fishing. The recorded diet of seals in the UK shows that the prey of H. grypus is dominated by
sand eels whilst Phoca vitulina feed mainly on flatfish (Thompson and Duck, 2010; Brown et
al., 2012). It is estimated that H. grypus would need to consume between 4 kg and 7 kg of
food every day (Thompson and Duck, 2010; SCOS, 2016). Phocoena phocoena diet can vary
seasonally and regionally but is typically dominated by sand eels and M. merlangus (Santos
et al., 2004). Phocoena would need to ingest 4 kg of prey a day (Ross et al., 2016). Certainly,
sand eels have been found to be a major source of microplastics for trophic transfer to higher

predators (Welden et al., 2018).

It is possible to estimate marine mammal microlitter exposure using the predicted
daily food intake above. Certainly, estimates of marine mammal exposure from extrapolation
of prey microlitter ingestion is not a novel concept. Moore et al. (2022) estimated, based on
inspection of five fish species, that Delphinapterus leucas (beluga whale) could be ingesting
between 3,800 and 145,000 microplastics annually through trophic transfer alone. The
standard length and weight of the fishes in the present study were used to estimate
microlitter ingestion in Thames marine mammals. An average ratio between length (mm) and
weight (g) was created for M. merlangus, Platichthys flesus, S. solea and T. luscus which were

as follows: 1:0.59, 1:0.56, 1:0.38 and 1:0.40 respectively. These ratios were then used to
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determine the average weight of fish ingested by H. grypus using the estimated length of fish
from the recovered otoliths (Table 6. 4). Six otoliths of M. merlangus were recovered and the
estimated length of the fish was between 127.6 mm and 238.6 mm (mean 189.4 £+ 36.6 mm).
The average weight of the fish is therefore 111.7 g. Six otoliths of Pleuronectes platessa and
Platichthys flesus were recovered and the estimated fish length was between 186.7 mm and
300.2 mm (mean 254.5 + 39.5 mm). As such, the average weight of the fish was 142.5 g. Only
one S. solea otolith was recovered and the estimated fish length was 305.9 mm with a weight
of 116.2 g. Four otoliths of T. luscus were recovered and the fish lengths were estimated as
between 7.4 mm and 238.1 mm (mean 151.7 + 104.3 mm). Therefore, the average weight of
the fish is estimated to be 60.7 g. To consume 7 kg of prey H. grypus would need to consume
63 M. merlangus, 49 P. flesus, 60 S. solea or 115 T. luscus. Phocoena phocoena would need to
ingest 36 M. merlangus, 28 P. flesus, 34 S. solea or 66 T. luscus to total 4 kg. From these
calculations, it is possible to estimate the amount of microplastics Thames marine mammals
are exposed to daily. But by underestimating the weight of fish, these estimates of
microplastic transfer may be elevated. Halichoerus grypus could ingest 94.5 + 94.5 microlitter
items, 117.6 + 166.6 microlitter, 84 + 168 microlitter and 149.5 + 195.5 microlitter per day
from M. merlangus, P. flesus, S. solea and T. luscus respectively. Phocoena phocoena could
ingest 54 + 54 pieces of debris, 67.2 + 95.2 microlitter, 47.6 + 95.2 microlitter and 85.8 + 112.2

microlitter per day from M. merlangus, P. flesus, S. solea and T. luscus respectively.

It should be noted that otoliths slowly decrease in size as they are digested, with larger
otoliths therefore remaining in the diet longer than smaller ones. This creates a bias towards
identifying larger prey species (Ross et al., 2016). As a result of this decreased otolith size, it
is acknowledged that the estimates of fish size in the diet of H. grypus is likely an
underestimate. For instance, the largest P. flesus collected in trawls in the present study
weighed 363.4 g. The otoliths collected from the seal GIT, however, was only estimated to
weigh 142.5 g. It is possible that the otoliths were degraded and thus estimates of fish size
are lower than the true values. Certainly, a fish of this size would be easily ingested by both
H. grypus and Phocoena. If the largest fish collected in trawls from the present study were
used to estimate microlitter exposure, to consume 7kg of prey H. grypus would need to ingest
Between 17 and 46 fish depending on species. Similarly, P. phocoena would need to consume

between 10 and 26 fish to consume 4 kg. This would result in a daily exposure of ca. 24 to 46
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microlitter items a day for H. grypus and 14 to 34 for P. phocoena. Even using the weight of
fish collected from the estuary over estimated size from otoliths in the diet, microlitter load

in marine mammals is underestimated compared to recorded values.

Size has been shown to be a significant factor affecting microplastic ingestion in some
cases. Both Hossain et al. (2020) and Hara et al. (2020) found that larger crustaceans ingested
more microplastics. The same is true for fish, with Mcllwraith et al. (2018) reporting that
larger fish contained more plastic. That study also concluded that translocation from the GIT
to other tissues occurred more frequently in smaller individuals. In the present thesis,
however, length and mass of P. flesus, S. solea, O. eperlanus and C. crangon did not
significantly affect microlitter ingestion. Despite trophic transfer likely occurring in the
Thames Estuary food web, the results of the present study demonstrate that when organism
size is controlled for, top predators do not ingest the most microlitter. In fact, organisms from
trophic level one had the highest size-specific ingestion rate for microlitter. This is likely due
to the high level of microlitter in Corophium. It is likely that feeding strategy exposes certain
species to more microlitter than through trophic transfer. Indeed, a review by Walkinshaw et

al. (2020) concluded that lower trophic levels were more at risk of ingesting microplastics.

Even though microplastic biomagnification through the food chain might be negligible,
the impacts of plastic consumption at the lower trophic levels could still be having
considerable negative impacts on top predators. Foley et al. (2018) concluded that a reduced
consumption of food by zooplankton, perhaps the most susceptible group to microplastic
ingestion, and invertebrates exposed to microplastics would have knock-on effects for
predators. Reduced reproductive outputs and smaller prey would mean a reduction in the
available food for predators, increasing competition. Modelling predictions, however, find a
negligible effect of microplastic exposure on population dynamics of both prey and predators,

even when reduced feeding rate is included in the model (Huang et al., 2020).

Megaptera novaeangliae and Balaenoptera borealis were found to have microplastics
on their baleen. Marine mammals, such as the whales in the present study, are often
considered sentinels for the health of the ocean (Bossart, 2011). Indeed, anthropogenic debris
is well established as a significant threat to marine megafauna, through both ingestion and

entanglement. Over 100 marine mammal species and all seven marine turtle species are
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known to be affected by anthropogenic debris (Kithn et al., 2015; Poeta et al., 2017; Kiihn and
Van Franeker, 2020). Few studies, however, have examined microplastic ingestion in these
large animals (Poeta et al., 2017; Nelms et al., 2019), with only one report, prior to the present
thesis, of microplastic ingestion by Megaptera novaeangliae (Besseling et al., 2015) and no
evidence of ingestion by Balaenoptera borealis. Estimates of exposure have been calculated
for B. borealis based on microplastic ingestion by prey species (Burkhardt-Holm and N’Guyen,
2019). Other cetacean species have been studied but not as extensively as it is easier to
sample groups such as fish. Certainly, there is a bias in documenting macroplastic ingestion
and entanglement over microplastic exposure, likely due to the difficulty of recording the

latter (Poeta et al., 2017).

In the present study, average microlitter abundance per baleen plate was extrapolated
to estimate the abundance of microplastics in the baleen of sampled mysticete species. There
are between 270 and 400 baleen plates in M. novaeangliae (Bradford, 2017) and between
219 and 410 baleen plates in B. borealis (NOAA Fisheries, online). In the present study it is
estimated that up to nearly 7,500 microplastics could be present on the baleen.
Comparatively, recorded concentrations in the digestive tract of these species are lower
(Besseling et al., 2015) which indicates that the baleen may retain plastic for longer, whilst
they are likely to be transitory in the digestive tract (Nelms et al.,, 2019). The increased
retention time of microplastics could expose baleen whales to associated chemicals
(Rochman et al., 2014) for longer than odontocete, toothed whales. Indeed, cetaceans have
a reduced potential for population growth when exposed to polychlorinated biphenyls (Hall
et al., 2018), which are often associated with plastics (De Frond et al., 2019; Yeo et al., 2020).
Itis, however, a common chemical contaminant in the environment and plastic is not the only
exposure pathway. Locality of foraging, however, determines the threat of exposure to
harmful chemicals (Fossi et al., 2016) and for the present sample it is unlikely that the whales

were feeding immediately prior to stranding.

It has long been suggested that filter-feeding as a feeding strategy can result in
organisms being more susceptible to microplastic ingestion (Moore, 2008). Mussels have
been used as a model organism to record this exposure (Farrell and Nelson, 2013; Van
Cauwenberghe and Janssen, 2014; Van Cauwenberghe et al., 2015; Li et al., 2018; Phuong et

al., 2018). Since 2012, it has been proposed that filter-feeding megafauna are also highly
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impacted by microplastics (Fossi et al., 2012; Fossi et al., 2014; Germanov et al., 2018). Indeed,
Poeta et al. (2017) and Kihn and Van Franeker (2020) noted that mysticete whales most
frequently ingested microplastics compared to other marine mammals. In the present study,
pinnipeds and porpoises ingest far less plastic than recorded in the Mysticeti. This could be
due to the size of the animals in addition to feeding strategy. Certainly, models predict that
filter feeding exposes whales to microplastics that are present in sea water. Zantis et al. (2022)
collected scats from sei and Bryde’s whales recording plastic occurrence and identifying the
main prey items to predict exposure to microplastics through trophic transfer. The study
reported that over 24,000 particles could be ingested by filter feeding whales per mouthful
of prey. Comparatively, water samples produced estimates of exposure four orders of
magnitude lower. Zantis et al. (2022) concluded that trophic transfer was the main route of
exposure and that whales could ingest three million particles a day. Like the present study,
blue and black fibres were dominant in the scats, mostly cellulosic and suspected to originate

from textiles, cigarette filters and tampons.
6.5 Conclusion

In conclusion, microplastics are present at all levels of the Thames food web. The present
chapter provides evidence to support the likely transfer of microplastics from prey to
predators, but whilst higher quantities of plastic and semi-synthetic microparticles were
detected in top predators, when the size of the animal is considered, biomagnification does
not seem likely. The present chapter also demonstrated that selective feeding at one level of
the food web may affect the diversity of microplastics present higher up the food chain. It is
clear that, whilst some species might be more likely to ingest certain forms of plastic, others
are less discriminatory. Certainly, evidence suggests that filter feeding mysticete species are
prone to ingesting large quantities and diversities of microplastics. Further investigation is
needed into the retention time of microplastics at each level of the food web and the
potential impacts of plastic ingestion. Additionally, as highlighted by Au et al. (2017),
microplastic exposure studies typically focus on primary microplastics, typically microbeads.
Whilst, in reality, a greater diversity of plastics are present in the environment and ingested
by wild-caught biota. Future studies should explore the consequences of ingesting a diverse
array of particles and explore plastics that are harder to obtain than microbeads. This chapter

demonstrates that sampling multiple species in a sampling program provides a truer
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representation of environmental contamination in an ecosystem than monitoring a single

species alone.
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Chapter 7
Conclusions, implications and future directions

In summary, this thesis has tested a range of microplastic extraction techniques and
applied them to the quantification of subsurface macroplastics and of microplastics in
sediment and biota. Evidently, both macro- and microlitter are abundant in the River Thames
estuary and a combined monitoring strategy for both can provide evidence for both sources
of plastic and the potential risk it poses. Yet, it must be noted that ecotoxicological
assessments are needed to truly determine risk. Furthermore, there is temporal variation in
microlitter accumulation in sediment as well as in ingestion by fishes and shrimp. As such,
monitoring should be carried out seasonally rather than annually to truly capture the pattern
of contamination in the study system. Indeed, monitoring ingestion by biota is indicative of
contamination in the surrounding environment (Gouin, 2020). Monitoring and research
should also consider species selection carefully. As demonstrated in the present thesis,
microlitter ingestion can vary greatly between species. For instance, brachyuran crabs, like
other crustaceans, can accumulate large tangles of plastic in the GM but this varies by species
and is less frequently reported in other groups, such as fishes. This highlights the need to
understand the functional morphology of selected bioindicator species and how this might
impact microplastic ingestion and retention. Feeding strategy and trophic level might also
play a role. Certainly, data collected for the present thesis suggest that trophic transfer likely
occurs in the food web, however, biomagnification is unlikely. Filter feeders, such as baleen
whales, might be at greater risk due to their non-selective feeding strategy. Indeed, studies
have demonstrated that even within one species, differing feeding modes can greatly impact
the amount and type of plastic that is bioavailable (Porter et al., 2023). The present thesis has
highlighted the knowledge gaps in our understanding of trophic transfer and the microplastic
pollution in ecosystems as a whole, using the Thames Estuary as a case study. For the Thames,
further research into small fish species, such as gobies which occupy intermediate trophic
levels; spatial data and modelling are needed to better address sources of pollution and the
movement of microlitter within the estuary. In addition, subsurface water samples are
required to better understand the distribution of microlitter in the water column which can

then be used to further our understanding of microlitter exposure for fauna in the estuary.
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7.1 Methodology

The protocols used in the present thesis (e.g., 10% KOH digestion compared to
enzymatic and other chemical digestions) were deemed the most suitable. They were
efficient, combining effective recovery of microplastics during extraction and low cost. It was
concluded that both recovery and cost need to be considered when moving towards method
standardisation. Protocols need to be suitable for large scale monitoring as well as ad hoc
studies and budget is usually a limiting factor. KOH was found to be an affordable and
effective solution for the digestion of organic matter. During digestion of oily fish (e.g.,
Merlangius merlangus) it was noted that a residue formed over the supernatant. For the sake
of comparability and standardisation, KOH digestions were used for all species with no
modifications to account for this residue. It was observed that the oily residue could be
punctured, and the supernatant filtered. The residue then coated the filter which impeded
the recovery of fibres. Whilst this is a limitation of the current protocol, it is not thought to
have significantly reduced microplastic counts as the results are similar to those in the
literature. This highlights, however, that standardisation might not be the best approach
moving forward. Instead, aligning methods so that they are harmonised, providing
comparable results without the need for strict standards, would allow for more flexibility and

ensure that protocols can be optimised for the samples being analysed.

No quality assurance was conducted for sediment extraction methods as were
undertaken with digestion protocols. Whilst not discussed in Chapter 2, ZnCl; and the use of
a sediment-microplastic isolation unit are an effective and easy to use protocol for the
recovery of microplastics from sediment. Due to its high density, ZnCl, can recover high
density polymers which might be missed by cheaper options, such as NaCl. It should be noted,
however, that in the present thesis microplastic recovery was not verified with spiked
samples. A ZnCl, density separation was used by another member of the lab group who
endorsed the methodology (Daniella Hodgson, pers. comm.). As such the protocol was
implemented in the present thesis, with the added benefit that it would allow for comparisons
to be made between the studies. The results presented in the thesis are comparable to
concentrations in other estuaries, thus providing evidence that ZnCl; is a robust method for
the extraction of microlitter from environmental samples. It is of note that the fine muddy

sediments in the Thames Estuary resulted in fine sediment being suspended even after the
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solution was allowed to settle in the SMI unit. This visibly masked some microplastics on
filters, which meant that the time to search filters increased. This could be resolved by
splitting the solution across several filters. Alternatively, the use of a fluorescent dye, such as
Nile red, could increase the visibility of plastics in samples and reduce the screening time

(Maes et al., 2017a; Nalbone et al., 2021; Prata et al., 2021).

With regards to FTIR analysis, a 10% subset is typically advised (Lusher et al., 2017).
The MSFD suggested that all particles less than 100 um be analysed by FTIR, or other suitable
means. In addition, 10% (up to 50 items) of larger plastic pieces should be analysed per year
or sampling occasion, whichever is least frequent (Hanke et al., 2013). In the present thesis it
was not possible to portion FTIR analysis by particle size. Due to logistical constraints, such as
laboratory access, microplastics were analysed by FTIR prior to being measured in Imagel.
The size of the subset analysed by FTIR in the present study was deemed sufficient since 1,150
items were analysed. If 50 items were analysed per sampling season only 400 items would
have needed analysis. Certainly, more than 50 items were analysed for almost all studied
species except for Hediste diversicolor (39 items), M. merlangus (7 items) and Crangon
crangon (0 items). Due to the time constraints with the FTIR analysis posed by the Covid-19
pandemic, no FTIR analysis could be conducted for C. crangon. Only 142 items were recovered
from the species and thus only 14 items would have been analysed. After contamination was
controlled for, H. diversicolor only ingested 33 items. As such all items recovered from the
species were analysed. Merlangius merlangus was not common in samples, with only 30
individuals collected. As such, whilst a 10% subset was analysed other species were prioritised

if time allowed for additional analysis.

The detection limit of the present thesis was limited by the filter pore size. This was
primarily 32 um, apart from marine mammal GITs which were filtered with a 300 um mesh.
Most items recovered in the present thesis were larger than 32 um, but some litter that was
smaller was also recovered. For instance, a 14 um object was recovered from Corophium
volutator. A smaller mesh size would increase the number of microplastics recovered and give
a more accurate representation of microplastic ingestion, but this would be impractical for
marine mammals where prey items and parasites need to be recovered prior to digestion.
This is in line with recommendations from Lusher and Hernandez-Milian (2018) who suggest

maximising sample collection whilst minimising effort. One possible compromise would be to
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collect a subsample for this prey/parasite analysis and to digest the remaining majority of
material to filter with a smaller mesh. Alternatively, stacked sieves, as suggested by Lusher
and Hernandez-Milian (2018), could also be used. Although this requires additional time to
filter all size fractions. With regards to processing mammal digestive tracts for microplastic
extraction, the findings from the present thesis indicate that systematic sampling the length
of the GIT could provide insight into the retention time of litter. Indeed, this approach has

been implemented for parasitology (Dr Natalia Fraija, pers. comm.).

Contamination was strictly monitored for the present thesis. The literature is vague in
its accounts of how contamination controls are collected and accounted for in the data. Whilst
there is a movement towards transparency in reporting, as yet there is no standardised way
to remove contamination from results. Typically, an average of reported contamination from
procedural blanks is removed from all samples. This method is the simplest to apply. In the
present thesis, every effort was made to thoroughly report contamination control measures
as this is deemed an essential step for harmonisation of protocols and is necessary to have
truly comparable data. In the present thesis, controls during dissection and filter searching
were averages just for the animals processed under that specific control. This allowed for
more accurate contamination estimates. For instance, if the lab space was shared on a certain
day only samples analysed on that day would be affected by elevated contamination. Recent
studies have recommended using LOD and LOQ (e.g., Uhl et al., 2019; Carlsson et al., 2021).
These are calculated as 3x standard deviation and 10x standard deviation respectively. This
approach is usually taken when all microplastics have been analysed by FTIR. LOD and LOQ
are applied to each polymer type separately, e.g., PES or PP. It is possible to apply the
technique in the same way that FTIR subsets were identified in the present study, i.e., LOD
and LOQ calculated for red fibres, films, fragments and bead separately. Given the diversity
of plastic recovered and the way controls were calculated in the present thesis this was
deemed unfeasible. Instead, LOD and LOQ values for count data of all microlitter, not
subdivided by polymer of form, are reported. The data are, however, still corrected for the

items found in controls rather than LOD.
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7.2 Macrodebris: future monitoring of plastic pollution, mitigation strategies and solutions

There is no statutory river monitoring in the UK (McConville et al., 2020). The present
study certainly highlights that ad hoc monitoring of plastic pollution is inadequate to identify
and address trends and temporal variation in plastic accumulation and transport. It is my view
that regular and long-term plastic monitoring of riverine plastic debris should be funded in
addition to implementing policies addressing the production and use of plastic products.
Indeed, since the Government claims that implemented mitigation measures result in delayed
reductions in the field, then they should be invested in monitoring the pollution to ensure
effective strategies are enforced. To verify the success of implemented measures, such as the
construction of the Thames Tideway Tunnel to reduce the input of sewage-related debris to
the Thames, frequent monitoring before and after construction is required. Baseline data
need to be collected before any conclusion on the success of measures can be made, and with
a system as dynamic as the Thames Estuary, monitoring should occur frequently. The
conclusion below is based on the results of the present study which just presents a snapshot
of Thames pollution. An ongoing monitoring programme could provide even greater insight
into plastic accumulation and movement and, therefore, provide even more useful in

combating the issue.

Riverine plastic pollution is often cited as a route for plastic from terrestrial sources to
enter the sea. Floating litter is well document, even in the Thames Estuary. Yet, the plastic in
the sub-surface water column and on the riverbed has rarely been studied due to the difficulty
of sampling. Chapter 3 is the first study to compare plastic abundance on the Thames Estuary
riverbed to subsurface floating plastic debris, providing evidence for how varied types of litter
can be transported in different compartments in the water column. Indeed, the data can be
used to inform transport models, guide mitigation measures at source and aid clean up
initiatives within the estuary or on the coastline once litter has drifted downstream. The
results of the present thesis indicate that plastic accumulates on the riverbed to a greater
degree than it is transported in the water column. On the riverbed it may be retained for long
periods, with several 30-year-old plastic items recovered. Further study is needed to
determine the retention time of this benthic debris and the rate at which it fragments into
microplastics which can then be ingested (as was documented in Chapters 5 and 6). It was

also noted that the colour of recognisable products was not always as expected (i.e., a Hula
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Hoops packet was white not red and a Milka chocolate bar was blue rather than purple),
indicating that dyes, and likely other chemicals, leach from the products. These chemicals
could have negative impacts for the wildlife in the estuary and the effects of this plastic debris
needs to be explored further. Quantifying macroplastic pollution is key to identifying the
major sources in the estuary, especially given that it can be difficult to determine what
products microplastics may have originated from. By identifying common sources of pollution
and dispersing the information to the public, press and policy makers it is hoped that the
present thesis can have a positive effect on the health of the Thames and other rivers. The
present study highlighted that one of the main sources of plastic in the Thames Estuary was
CSOs, which are responsible for the abundance of wet wipes and sanitary products on the
riverbed and foreshore. Moore (2008) noted that catchment systems can be installed in storm
drains and pumping stations to remove macroplastic. This action could reduce plastic in the

estuary if applied in the many major urban catchments along the River Thames.

The quantity of plastic packaging on the Thames foreshore has increased over 20 years
and volunteering efforts have not successfully reduced its abundance (McConville et al.,
2020). The findings in the present thesis align with those in the literature, noting that
packaging and single-use plastics are common pollutants. Single-use plastic has received
considerable attention from the press and policy makers. As a result of the abundance of
single-use items in the environment, many activists and organisations have called for
extended producer responsibility. At present, much of the responsibility lies on the public
with advertising and policy driven towards the consumer not recycling enough, improperly
disposing of waste and choosing to shop responsibly. Whilst consumer demand can direct the
course of a company to an extent, manufacture of a product is not solely driven by consumer
demand. Indeed, a survey by Greenpeace UK (2017) demonstrated that six of the world’s
largest soft drink producers were taking no steps towards reducing single-use plastic but
instead opted to create thinner products that used less material. Certainly, in the UK, soft
drinks companies are some of the biggest plastic polluters (Stanton et al., 2022). In 2020,
Coca-Cola defended its production of so many single-use plastic bottles. An executive of the
company announced that Coca-Cola would continue to produce plastic bottles as it believed
customers preferred them to alternatives, such as cans and glass bottles, as they could be

resealed (Bandoim, 2020).
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Whilst studies into the amount and type of macrodebris in the environment are
common, brand audits are not usually conducted alongside these studies. Brand audits are
powerful tools that can be used to inform policy (Stanton et al., 2022), especially those
targeted at producers, such as extended producer responsibility. Without such tools, it is
harder to determine which industries to target and it is not possible to identify top polluting
companies. Extended producer responsibility would dictate that companies should
implement effective practices to eliminate plastic entering landfills. A proposed scheme
under extended producer responsibility is buyback initiatives where companies are required
to collect or buy back their single-use products. This would promote recycling and reuse of
single-use plastics which would otherwise end up in landfill. This in turn would impact the
manufacture of products that organisations were now required to dispose of themselves. It
is noted, however, that such schemes must be profitable to be successful and that a lack of
enforcement currently sees such schemes failing (Vimal et al., 2022). A deposit return scheme
has been proposed in the UK to tackle single-use plastic bottles (Smith et al., 2018, Defra,
2019). A similar scheme has been used in Germany, with bottles returned to manufacturers
to recycle or reuse (Rhein and Strater, 2021). Additionally, reducing the number of bottles
that are incinerated and sent to landfill could greatly decrease CO; emissions (House of
Commons Environmental Audit Committee, 2017). Plastic bottles were rarely recovered in
the present study highlighting the importance of monitoring more than one environmental
compartment. Bottles are likely quickly deposited on the foreshore or remain afloat,
especially if the cap remains on the bottle trapping air inside. Indeed, they are common at so-
called ‘floating’ sites on the Thames foreshore. Extended producer responsibility and a
deposit return scheme could see this plastic waste reduced in the Thames. Certainly, when
disposal of products is the responsibility of the manufacturer, they are more likely to consider
disposal in the initial product design. For instance, in an attempt to reduce the company’s
impact on the environment, Coca-Cola recently announced that it had produced a prototype
for a 100% paper bottle that was completely recyclable (Coca-Cola, 2020). It must be noted,
however, that alternatives to plastic are not always better for the environment, with glass
bottles having a greater negative impact compared to plastic bottles in all tests (Brock and
Williams, 2020). For many, reduced consumption of products is considered the only way to
mitigate waste and negative environmental impacts. Continued consumption with alternative

materials may still come at a cost.
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“Bioplastics” are one such alternative to traditional plastics. The term can be used to
refer to several products including biodegradable and compostable plastics as well as plastics
produced from plant biomass rather than utilising fossil fuels (UNEP, 2015). It has been
demonstrated that labelling of such products can result in increased littering as items are
misinterpreted as safe for the environment (Keep Los Angeles Beautiful, 2009; British Plastics
Federation, 2019). Certainly, a biodegradable plastic dog waste bag was recovered in the
present study. It cannot be known how long the bag was in the Estuary, but it was intact when
recovered and may have been deliberately littered. For many bioplastics to biodegrade,
however, the plastic needs to be treated in an industrial composter which typically requires
temperatures of 70 °C. Certainly higher than the temperatures in the Thames Estuary. In
Europe, to be labelled as a biodegradable or compostable product, at least 90% of the
material must be converted to CO; withing 6 months (UNEP, 2015). Without an industrial
composter, it is not known how long these products may take to degrade. Additional concerns
arise when considering products that promote fragmentation rather than degradation. Many
bioplastics contain pro-oxidants that result is plastic fragmenting. Products containing pro-
oxidants contribute to microplastic concentrations, may not degrade and cannot be recycled
in traditional schemes (UNEP, 2015). | believe that further evaluation of environmental
decomposition times is required and that this information should be made clear to the
consumer through product labelling. Consumer surveys can be used to identify gaps in
consumer knowledge, and this can be addressed with clear product labelling. Indeed, better
product labelling of wet wipes, a common item in the present study, would reduce the
amount found in the Thames. Furthermore, there is now a campaign from Fleur Anderson MP

to ban plastic in wet wipes.

It has been suggested that producer compliance fees be increased to better cover the
costs of collecting and sorting waste; this is being considered by the Government (House of
Commons Environmental Audit Committee, 2017). Indeed, the British Plastics Federation
(2019) claims to support extended producer responsibility and agreed that the cost of
collection and recycling of waste be moved away from local councils. The group also
proposed, however, that educational campaigns are implemented to make consumers more
active in recycling, effectively shifting responsibility away from producers. Certainly, including

brand audits in ongoing monitoring of macroplastic pollution would determine whether
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certain producers are responsible for more waste than others and could inform targeted
strategies. Additionally, brand audits utilising citizen science could incorporate some of the

education outreach suggested by the British Plastics Federation (2019).

Certainly, research into environmental contamination alone cannot solve all the issues
associated with plastic pollution. Outreach and social science are essential tools for
understanding public opinion and behaviour. Completing this PhD at the NHM provided
numerous opportunities to engage in public communication activities. From my personal
experience, | discovered that many members of the public still consider recycling as their first
and best action to reduce their plastic waste rather than reducing consumption of plastic
products. Recycling has long been heralded as a solution to plastic waste. It was in fact the
plastics industry itself that first suggested the solution in the 1980s as public concerns over
plastic waste were on the rise. The recycling system, however, is flawed. At present, the
proportion of plastic which is recycled is low: 31% of post-consumer waste and 41% of plastic
packaging were recycled in the EU in 2016 (PlasticsEurope, 2018a). One reason plastic might
not be recycled in the UK is the insufficient infrastructure in place to deal with reprocessing.
The country is therefore dependent on exporting waste to be recycled (British Plastics
Federation, 2019). Additionally, recycling plastic is often costlier than using virgin resin and
recycling does not easily remove contaminants in the product (Moore, 2008). Furthermore,
no two plastics are identical with different products containing different combinations of
plasticisers, dyes and flame retardants even if they are made from the same polymer. This
further hinders the promotion of recycling. To overcome these difficulties in recycling plastic,
virgin plastic is included in many recycled products (British Plastics Federation, 2021). As a
result of these limitations, leading researchers in marine litter have expressed concerns over
circular economies which only promote recycling of products. It has been argued that a true
circular economy requires a product to be recycled and reused in the same form it was
created in (i.e., a plastic bottle remains a plastic bottle) and not down-cycled, with product
designers and end-of-life management communicating to achieve the best product life cycle
(Thompson, 2018). Ultimately, whilst recycling plastic can reduce the production of virgin
plastics, it is not a solution in and of itself. Certainly, without improved technologies, the world
remains to an extent dependant on virgin material. Dissemination of research to the public as

well as policy makers is essential to ensuring they can take informed actions.
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Citizen science monitoring, often in the form of beach cleans, can help to remove
plastic from the environment and raises awareness of local pollution within a community.
But, without additional regulations further up the chain, plastic pollution cannot truly be
stopped. It is often described in the analogy of an overflowing bath. You go into your
bathroom to find the bath is overflowing. The tap is running. There is water covering the floor.
What is your first action? Do you grab a mop and bucket to remove the water building up or
do you first turn off the tap? Cleaning plastic from beaches is simply removing the water from
the bathroom floor whilst more continues to flood in from the tap. Ultimately, whilst
monitoring and clean-ups are essential, they are not in themselves a solution and must be
transformed into actionable change. Indeed, despite 97,000 plastic bottles having been
removed from the Thames to date (McConville et al., 2020), litter quickly returns to the
foreshore. The evidence collected by citizen science and monitoring, however, such as the

data collected in the present thesis, is invaluable for decision making.

A reduction in the use and production of single-use items would prevent over 60% of
the litter recovered from the Thames during beach cleans (Fischer, 2019), which also
accounted for nearly 60% of the waste in the present study. Whilst removing plastic from the
environment is an essential tool for data collection and improving environmental health,
clean-ups are costly. In Spain, the average amount of litter removed during beach cleans was
27.6 kg per hour per person, and the average cost of removing the waste was €1 per kg (Cruz
et al., 2020). As such, it would cost nearly €30 per person to conduct a one-hour beach clean.
This cost would quickly mount if implemented regularly and on a large scale. This could incur
considerable cost to local councils, especially given some municipalities paid far higher than
the average cost for beach cleans (Cruz et al., 2020). These costs are especially great on a
national scale. For instance, the NOAA in the United States spent $2 million per annum on
removing lost fishing equipment as part of a project to protect the endangered Hawaiian
monk seal, Neomonachus schauinslandi (Moore, 2008). Fishing gear is not the main type of
litter recovered in the present study as there is no commercial fishing permitted on the
Thames Estuary. It is, however, a major source of pollution in the ocean and some ocean
plastic can move into the estuary with the tides. Cruz et al. (2020) suggested improving waste
management practices and reducing the cost by the continued monitoring of how efficient

beach cleans are. The House of Commons Environmental Audit Committee (2017) suggested

188



that beach clean-ups should receive additional funding in an effort to better reach the targets
for the UN sustainability goal 14 “Life under water”, which addressed marine pollution among
other issues. They also requested that a single-use plastic tax be implemented, targeting
plastic production. Additionally, the cost of beach cleans could be minimised by choosing
efficient labour and having targeted beach cleans. One such example of how to improve litter

removing efficiency is SCRAPbook (www.scrapbook.org.uk). The organisation has invited the

public to count and categorise litter from aerial photos of Scotland’s coastline and plan to use
the data collected to help create targeted beach cleaning efforts. Certainly, citizen science
efforts in the Thames Estuary mean that hotspots for plastic waste have already been
identified. Monitoring of the riverbed could provide similar information, but this information
can only be attained through trawling or setting up fyke nets in the estuary rather than with

aerial photography.

Commonly policy changes have been used to target specific types of plastic that
frequently leak into the environment (Karasik et al., 2020). Data, such as that presented in
this thesis, are needed to address the gaps in legislation and highlight the key polluting
products and waste management systems. On such example, which has quantifiable evidence
of its success, was the carrier bag levy implemented by the UK Government in October 2015
(HM Government, 2018). The policy required large stores to charge 5p for plastic bags (Defra,
2018). In many stores this price has since increased to 10p per bag. Restrictions on the
manufacture and sale of plastic bags have also been implemented worldwide, with 43
countries having legislation on the topic (Karasik et al., 2020). In England, the carrier bag
charge successfully reduced plastic bag consumption by over 80% (Defra, 2018; HM
Government, 2018). Whilst the present thesis reported carrier bags as one of the major forms
of pollution in the estuary, many of the bags were several years old. It is likely that the plastic
bags on the riverbed either represent historic pollution or runoff from a nearby landfill site.
It demonstrates that whilst legislation on the use of certain products can reduce waste,
further action is needed to tackle the pre-existing waste in the environment. This, however,

would be a costly and time-intensive procedure and will not always be a practical solution.

Plastic packaging, especially food and cigarette packaging, was the most common
plastic item recovered in the present study. By combining product type with the brand audit

it is possible to determine that Pepsi Co.’s contribution to pollution in the Thames comes from
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food rather than the beverages it is most famous for producing. An estimated 20 million crisp
packets are produced in the UK each day, half of which by Walkers (Quinn, 2018). Walkers
and Doritos crisp packets accounted for all the PepsiCo products recovered in the present
study. The other most polluting brands were manufacturers of chocolate, such as Mondelez
and Mars. This highlights the importance of targeting the food packaging industry and waste
management streams. So far 111 organisations have signed the UK Plastic Pledge that by 2025
all plastic packaging will be recyclable and compostable, 70% of packaging will be recycled or
composted, single-use plastic will be avoided through product redesign and an average of
30% of material in plastic packaging will originate from a recycled source (Wrap, 2018). Given
that some of the packaging recovered in the present study was 30 years old, truly
biodegradable alternatives to plastic would reduce the lifespan of these items and may
reduce their impact on the environment. Of the organisations to sign the pledge, 68 are
business members, representing various sectors of the plastic manufacture, sale and
management process. These businesses are estimated to be responsible for 80% of plastic
packaging in supermarkets and half of the plastic packaging in the UK (Wrap, 2018). Support
from these partners is key to mitigating the impacts of plastics. Wrap provided partners with
a 5-year plan to reduce plastic waste across the food and drink, clothing and textiles and
electronics and technology sectors, these industries correspond with the main sources of
macroplastic and microplastic pollution identified in the present study. The plan, however, is
not enforced to ensure that companies remain on track (Smith et al., 2018). The plastics
industry has also pledged support for mitigating plastic pollution. PlasticsEurope has
published its support of the European Commission’s pledge to create a more circular
economy for plastic and has implemented a plan to reduce plastic waste entering the
environment by 2030 (PlasticsEurope, 2019a). An example of how evidence from
environmental studies can impact product design comes from beverage companies.
Mounting evidence of marine life getting entangled in six-pack rings resulted in manufactures
changing the formula such that the material became brittle in the environment. The resulting
fragments, however, were still long-lived (Moore, 2008) and, instead, could be ingested by
marine organisms. Whilst no six-pack rings were recovered in the present study, mesoplastic
and microplastic fragments and films from larger products were found in the GIT of organisms

in the present study. This highlights that plastic fragmentation is not a solution to plastic
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pollution and that the production of microplastics needs to be considered when planning for

product end of life.

7.3 Microlitter: environmental contamination, ingestion and actions to target sources of

pollution

This thesis is the first to explore the transfer of microplastics from prey to predators
in the Thames Estuary, including species for which there was limited evidence of exposure.
Whilst no evidence of biomagnification was found in the present study, the retention time
and impacts of ingesting microplastics both directly and through trophic transfer are not fully
understood. Certainly, abundance of microplastics in the environment and land use relate to
microplastic ingestion. The present thesis concluded that seasonal variation occurs both in
microplastic abundance in the environment and in the amount ingested by estuarine fauna.
To understand the implications of plastic exposure, it is also necessary to address this
variation in plastic abundance. By determining the mechanism(s) that affect the variability in
microplastic exposure and accumulation, solutions can be designed to mitigate the negative
effects. By determining that fibres are most abundant in the environment, as was found in
the present study, WWTPs and washing machine outlets have been identified as key sources

of pollution. As a result, filters for washing machines have been developed.

Campaigns to reduce plastic pollution often focus on macrodebris, specifically single-
use packaging, often asking consumers to reduce their use of these polluting products.
Despite pressure on the consumer, governments rarely implement policies which support
outreach and education (Karasik et al., 2020). Microplastics are, however, more abundant, as
described in this study, and harder, if not impossible, to recover once in the environment.
One of the first major policy changes addressing plastic pollution in the UK was the
introduction of a ban on microbeads (HM Government, 2018). Microbeads, however, are still
present in the environment. Microbeads were present in samples collected in this study,
albeit in relatively small numbers. Higher quantities of microbeads were recovered from
surface water samples in the Thames (Rowley et al., 2020). The study by Rowley et al. (2020)
reported that microbeads were present throughout the year at Putney and Greenwich and
estimated that over 5,000 microbeads could be flowing past Greenwich at any given time.

This again demonstrates that monitoring one environmental compartment does not provide
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a complete understanding of contamination in the system. Furthermore, without robust
monitoring programmes, it is difficult to determine which sources of pollution are greatest.
While microfibre contamination is far greater than that of microbeads, resolving this problem

is a more complex challenge.

Microfibres, often originating from textiles, dominate microplastic compositions
worldwide and the same is true in the Thames Estuary, as demonstrated in the present thesis
for both sediment and biota. An estimated 22 million tonnes of textile fibres are expected to
enter the marine environment between 2015 and 2050 (Ellen MacArthur Foundation, 2017).
Whilst textile fibre release is recognised in the scientific literature (Napper and Thompson,
2016), to the public, clothing is a lesser-known source of plastic pollution. Additionally, few
policies address microplastic pollution (Karasik et al., 2020), likely as it is harder to monitor
and control. Whilst the field is not yet able to produce comprehensive risk assessments for
microplastics in the environment, with crustaceans in the Thames having tangles of fibres
filling the GM and plastic ingested at all trophic levels, it is evident that the potential for harm
caused by microfibres is high. Policy and technology advances are required to address this

source of pollution.

Fast fashion, arguably one of the causes of the rapid release of microfibres in the
environment, was developed in the 1980s as apparel production accelerated and quick
turnarounds of fashion trends became the norm (House of Commons Environmental Audit
Committee, 2019b). Clothing production has doubled in the last 15 years (Ellen MacArthur
Foundation, 2017) and the average lifetime of a garment is estimated to be only 3 years
(Wrap, 2017). Despite this, over half of items do not even last a year before being disposed
of (Ellen MacArthur Foundation, 2017). Current production and disposal practices are
unsustainable because these produce chemical and plastic pollution (Ellen MacArthur
Foundation, 2017; House of Commons Environmental Audit Committee, 2019b). Additional
environmental concerns come from the water use and carbon footprint from the
manufacture and cleaning of these products (Ellen MacArthur Foundation, 2017; Wrap, 2017;
House of Commons Environmental Audit Committee, 2019b). Indeed, the textiles industry
contributes more to climate change than international aviation and shipping combined
(House of Commons Environmental Audit Committee, 2019b) and in Europe clothing sales

and manufacture are the fourth highest household contributor to climate change (Wrap,
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2017). Synthetic clothing can produce twice the CO; of an organic alternative (House of
Commons Environmental Audit Committee, 2019b). Whilst switching to natural materials
(e.g., cotton) can reduce the carbon footprint, it comes with its own costs for water and land

use (Wrap, 2017).

The issue, however, is not simply one of environmental costs. Low-cost clothing is
often produced at the expense of those manufacturing it, with many factories using child
labour, forced labour and prison labour. Labour exploitation is even reported in the UK, with
some factories paying below the minimum wage (Ellen MacArthur Foundation, 2017; House
of Commons Environmental Audit Committee, 2019b). Stringer et al. (2020) claimed that
consumers are likely to change shopping behaviours over ethical and environmental concerns
but are more likely to respond to environmental and animal welfare concerns than worker
welfare issues. The authors claimed that this was driven by the marketing of fast fashion
companies, which promote organic materials and often neglect to discuss worker conditions.
The results were, however, collected in a survey where respondents may feel pressured to
appear more active and concerned. Respondents may be optimistic in their idealised
responses. If companies were to be transparent and publish their supply network, it would

likely see a reduction in the support for fast fashion from the consumer.

Manufacture and sale of clothing has increased considerably (Wrap, 2017), especially
in the UK, where more garments are purchased per person than any other European country
(ECAP, 2018). Yet, many of the products produced cannot be recycled, or can only be recycled
once. Less than 1% of the materials used to manufacture clothes are recycled to make new
clothes (Ellen MacArthur Foundation, 2017; House of Commons Environmental Audit
Committee, 2019b). Kwon et al. (2019) concluded that clothes were likely to be discarded if
they were old (worn or faded), no longer fashionable, no longer suited the wearer’s age or
social status or if new clothes have been purchased. Social and physical attributes, such as
fashion and aging of clothing, had more influence than impacts on resources (i.e., time and
money). Indeed, Degenstein et al. (2020) found that consumers were more likely to dispose
of garments that showed minimal damage rather than repair them. The higher quality and
more expensive items required more damage before they were likely to be thrown away. It is
estimated that 300,000 tonnes of textile waste enter household waste per annum (Wrap,

2017), with 73% of garments being sent to landfill or incinerated (Ellen MacArthur
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Foundation, 2017). Only a small portion of textile waste is recycled, and it is often downcycled
to products that are hard to recapture, such as insulation and mattress padding. This
ultimately results in the recycled product being the materials final use (Ellen MacArthur
Foundation, 2017). Despite being aware of the environmental impacts of sending items to
landfill, consumers were less likely to sell or donate moderately damaged garments, either
due to the effort required to sell the item or a stigma around sharing damaged articles
(Degenstein et al., 2020). Runoff from landfill means that these items, and fibres released
from them, can still enter the environment. Certainly, in the present study, runoff from landfill

was highlighted as a potential source of macroplastic in the Thames Estuary.

Removal of microfibres from the environment is difficult, thus improved waste
management (Lebreton and Andrady, 2019) and textile production are key to reducing
microfibre pollution (House of Commons Environmental Audit Committee, 2019b).
Monitoring of riverine as well as marine habitats is then essential for determining the success
of these mitigations. Yet, first background contamination, such as that in the present study,
needs to be reported. The House of Commons Environmental Audit Committee (2019b) called
for the Government to change taxation to reward environmentally conscious practices in the
textiles industry, enforce checks by retailers across supply chains and an extension of the tax
onvirgin plastics to be implemented in 2022. It was suggested that the tax be applied to textile
products which failed to contain 50% recycled PET. PES is the most abundant polymer in
clothing and, as such, its production makes up the majority of fibre demand. PES was also
found to be one of the most abundant polymers in the present study. Moreover, nearly 70%
of tested garments in Brazil had a high ecological footprint (Klein et al., 2020) and a switch to
recycled polymers could ensure these garments are more sustainable in the future. As a
result, it was suggested that garments contain eco-labelling which informs consumers of the

ecological costs of manufacturing clothes to help them make sustainable purchases.

Whilst fibres cannot feasibly be recovered from the environment, intercepting plastics
in the home and in WWTPs is possible. Recently, various products have been designed to
collect fibres before they are released into wastewater (Cora Ball; Guppy Friend Bag). Talvitie
et al. (2017a) noted that WWTPs are extremely effective at recovering fibres from
wastewater. It was demonstrated that pre-treatment removes most of the microplastics and

that additional filtration improve recovery. Membrane bioreactors could remove 99.9% of
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microplastics. Additionally, there has been a call to produce textiles resistant to shedding
(House of Commons Environmental Audit Committee, 2019b) and such materials are being
developed (Hinchcliffe, 2017). Using fabric softener is one technique which is known to help
reduce microfibre output (De Falco et al., 2018b). Additionally, coatings have been proposed
as a technique for reducing the shedding of fibres from washed clothes. De Falco et al. (2018a)
noted that a pectin coating reduced fibre release by up to 90%. Whilst developments are
forthcoming, there have been calls that Government intervention has been slow and greater
input is needed (House of Commons Environmental Audit Committee, 2019b). It is not solely
the responsibility of the Government to push for change, with concerns that some retailers
are failing to consider environmental impacts (House of Commons Environmental Audit
Committee, 2019a). Within industry, there are two main approaches to generate more
sustainable fashion: pragmatic changes within the existing mainstream system and radical
change that challenges pre-existing designs and results in innovative business models.
Pragmatic changes include making supply chains less wasteful and more transparent and
changing branding, communication and marketing at the retail level. Whilst radical changes
could embrace a switch to “slow fashion”, educating communities to make a difference and
developing new sustainable business models (Mukendi et al., 2020). The Ellen MacArthur
Foundation (2017) highlighted that the industry targets were to phase out substances of
concern and microfibre release, reduce the disposability of clothes by changing design and
marketing, improve recycling and collection, and move to renewable resources. A few
consumer products are available to remove microplastics from washing machines. These
products, however, put the onus on the consumer rather than placing responsibility with the
designer and manufacturer. Whilst solutions such as these are available they can pose a
financial barrier which highlights the privilege of consumers who can chose environmental
alternatives whilst it might not be a possibility in every household. Additionally, whilst in tests
the products reduce microfibre emissions from washing machines, the success varies

between products (Mcllwraith et al., 2018).

In addition to plastic fibre contamination, the results of Chapter 6 demonstrate the
need to document cellulosic fibres. Cellulosic fibres have been demonstrated to be readily
ingested but the present study records a lower abundance of these fibres in the sediment

than biota. Historically, cellulosic fibres have been discounted and not reported, yet our
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understanding of their impact on wildlife is even less than our limited understanding of risk
from plastic fibre ingestion. Whilst it is important to document their presence, it is also key to
distinguish them from traditional plastics as the impacts of exposure to these polymers may
vary. Increased infrared analysis capabilities will allow greater proportions of plastics in
samples to be analysed, providing information needed to better understand the distribution
and ingestion of these polymers. It is proposed that further environmental monitoring is
needed to understand the fluctuations in ingestion of both forms of microfibres coupled with
studies into the effects of ingestion. Risk maps could then be produced, highlighting hotspots
for plastic in the environment compared to areas of high ingestion. Investigating multiple
compartments for microplastics can then be used to unpick the complex movement through
the environment and food webs. It is essential to determine which organisms are most at risk,
and why, to then be able to apply appropriate mitigation measures. Furthermore, monitoring
needs to be inexpensive with cost-effective protocols available. Certainly, a recent study
found that presence of tangles in the GM of Nephrops norvegicus correlated to microfibre
ingestion (Carreras-Colom et al., 2022). Crustaceans which typically form tangles of plastic,
could therefore be investigated for monitoring without the need of chemical digestions. This
could also easily be implemented as a citizen science project since only training in dissection

is required as tangles are easy to identify.

7.4 Summary

Action to tackle plastic pollution is necessary to address such a large environmental
issue and has gained support from policy makers, business and the public. Successful
mitigation strategies rely on robust, comparable datasets, often collected through ongoing
monitoring. This thesis has provided evidence that future monitoring must include multiple
environmental compartments, occur both seasonally and annually, collect macro- and
microplastic, and consider entire food webs to create a complete understanding of the
ecosystem in question. This novel approach, if used widely would greatly improve the value

of collected data and provide a powerful tool to drive policy.
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Papers published during the PhD

McGoran A.R., Cowie P.R., Clark P.F., McEvoy J.P., Morritt D., 2018. Ingestion of plastic by fish:
a comparison of Thames Estuary and Firth of Clyde populations. Marine Pollution

Bulletin 137, 12-23. https://doi.org/10.1016/j.marpolbul.2018.09.054. (Paper from

MSc research). 42 citations.

McGoran A.R., Clark P.F., Smith B.D., Morritt D., 2020. High prevalence of plastic ingestion by
Eriocheir sinensis and Carcinus maenas (Crustacea: Decapoda: Brachyura) in the
Thames Estuary. Environmental Pollution 265, 114972.
https://doi.org/10.1016/j.envpol.2020.114972. 13 citations.

McGoran A.R., Maclaine J.S., Clark P.F., Smith B., Morritt D., 2021. Synthetic and semi-
synthetic microplastic ingestion by mesopelagic fishes from Tristan da Cunha and St
Helena, South Atlantic. Frontiers in Marine Science 8, 78.

https://doi.org/10.3389/fmars.2021.633478. 5 citations.

During the PhD there were plans to publish a manuscript quantifying microplastic
contamination in a spectacled porpoise stranded in the Falkland Island and a southern right
whale dolphin from the same area. Both are incredibly rare animals for which little is known.
Indeed, for the NHM this would be only the third specimen of a spectacled porpoise and the
first whole animal. The previous two specimens are only skeletal remains and were collected
over 100 years previous. Unfortunately, the southern right whale dolphin did not arrive at the
Museum before the end of this PhD. As a result, no publication prepared. The preliminary

results from the spectacled porpoise are available in the Supplementary Material (S11).
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