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Abstract

The impacts of anthropogenic activities on marine environments are undeniable and are
expected to increase in the near future. During the past decades, a particular form of
pollution, plastics, has received great attention because of their persistence and widespread
distribution. Their interaction with a wide range of marine organisms, mainly through
entanglement or ingestion, has been reported, and experimental exposures have provided
evidence for their potential negative impact. However, essential gaps in the knowledge of

the sources, fate and impacts of plastics, particularly in the form of microplastics, still exist.

The Mediterranean Sea, and more particularly the Balearic Sea, has been highlighted as a
potential site of plastic pollution accumulation, a hypothesis partially supported by evidence
of high concentrations of plastic litter in surface waters. A significant proportion of these
plastics is expected to eventually sink, thanks to biofouling and weathering processes, and
reach the seafloor. Even though only a few studies have addressed the characterization of
plastic pollution in the deep-sea environments to confirm it, they might eventually face high

levels of plastic pollution.

Among all organisms inhabiting these environments, the decapod crustaceans Arisfeus
antennatus and Nephrops norvegicus might be more prone to ingest and retain plastics
because of their close relationship with the sediment, their feeding mode, and a complex
digestive system’s morphology. Given their ecological relevance in bathyal assemblages
and high commercial value, the study of plastic ingestion and its potential impact on these

species is of particular interest.

The present thesis aims to characterise plastic ingestion, including microplastics, in the two
important crustacean species of the Balearic Sea, the blue and red shrimp Aristeus
antennatus and the Norway lobster Nephrops norvegicus, and to evaluate its potential
impact on health condition of wild populations. Moreover, given the current needs for cost-
effective indicators of plastic pollution in monitoring frameworks, another main goal will be
to evaluate the potential use of these species as monitors of environmental levels of plastic

pollution.
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In the third chapter of the present thesis, levels of plastic ingestion in Aristeus antennatus
from a broad spatial (including the continental and insular slopes) and depth (630-1870 m)
range are reported. Despite slightly higher prevalence values were observed in areas close
to Barcelona, a decreasing trend was not found with distance, thus pointing out the vast
dispersion of plastics in deep areas. The potential role of the benthophagous diet and close
relationship with the sea bottom of A. anfennatus in the increased exposure and uptake of
plastics is also discussed and further supported by observations in diet composition.
Detailed analysis on prey’'s ecology revealed that shrimps with plastics had a higher
contribution of endobenthic prey in recent meals. Despite some individuals showing
aggregations of tangled up fibres, no correlations with shrimps’ body condition indices

were observed.

In the fourth chapter, plastic ingestion in Aristeus antennatus is further characterised in
three selected locations along the Catalan coast with allegedly different anthropogenic
sources for plastic pollution. Moreover, a temporal comparison (2007 vs 2017-2018) is
performed for individuals sampled off Barcelona. Plastic fibres of varying lengths, colours
and chemical compositions were observed in > 65% of the individuals analysed regardless
of the location and sampling period. Many of these organisms showed aggregations of
tangled up fibres, which reached diameters of up to 1 cm. Differences among locations were
found in 2018, with greater fibre loads towards the south during spring, whilst in summer,
shrimps from Barcelona showed a fibre load nearly thirty-times higher than those from other
locations. Fibre load reported for shrimps in 2007 was comparable to that of shrimps
captured in 2017 and 2018 (only spring), yet a shift in the proportion of acrylic and
polyethylene terephthalate (polyester) polymers was detected. No consistent effects on
shrimp’s health condition were found either, except for the negative correlation between
the gonadosomatic index and fibre load in shrimps off Barcelona in summer (location with

the highest reported values of plastic ingestion).

In the fifth chapter, the levels and potential impact of plastic ingestion are assessed in the
second objective species, Nephrops norvegicus. In this case, a battery of enzymatic
biomarkers, condition indices and assessment of histological alterations are used to
evaluate health condition of the individuals. The presence and characteristics of plastics in
sediments and bottom water are also reported. Moreover, the potential impact of other toxic
pollutants is also assessed by determining the tissue and environmental levels of trace
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metals. Ingested plastics, mostly fibres, were found in 86% of the individuals, with higher
values in individuals from Barcelona. Analysis of environmental samples revealed
similarities in the abundance and size distribution patterns between ingested fibres and
fibres found in the water, although not in the polymer composition. Overall, plastic
ingestion was not significantly correlated to changes in condition indices. However, two
significant correlations were observed with enzymatic responses: a positive correlation with
glutathione-S-transferase activity and a negative correlation with catalase activity,
suggesting an increased potential oxidative response in those individuals with a higher load
of ingested plastics. Levels of trace metals in musculature greatly varied among locations
depending on the metal species, whilst in sediment samples, the higher concentrations of
most metals were seen in the vicinity of Barcelona. A significant relationship with the
relative body condition was not observed either, although the high concentration of organic
As reported points out the need for a continuous monitoring programme for human
consumption safety issues. Finally, and most importantly, the histopathological assessment
did not reveal major alterations or pathologic conditions affecting the species in the area,

thus suggesting that it may be able to cope with present pollutant levels.

Finally, in the sixth chapter, the potential use of tangled up fibres in stomach contents of V.
norvegicus is discussed as an affordable indicator for environmental levels of plastic
pollution. To do so, first, plastic presence and load are described in detail in individuals
from several populations across the European distribution of the species. Then, after
successfully relating the total load of plastics and the presence of balls, the prevalence of
balls is used as a proxy for total plastic fibre ingestion in other locations. Overall, locations
with increased levels of plastic ingestion (e.g., the Gulf of Cadiz, N Barcelona and, partially,
the Clyde Sea) also demonstrated higher levels of prevalence of balls (up to 30% of the
individuals), compared to other locations with lower values of plastic ingestion and even the
complete absence of balls (e.g., the Ebro Delta area). Differences could not be attributed to
differences in diet composition and were considered to reflect environmental differences.
The prevalence of tangled balls of fibres, particularly in this species, is proposed as an
affordable, cost-effective and easy to implement indicator of plastic ingestion in benthic

organisms and, ultimately, of environmental levels of plastic pollution.
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Resum

L’'impacte de les activitats antropogeniques sobre el medi mari és innegable i es preveu que
s’intensifiqui en un futur proxim. Durant les Gltimes decades, un tipus particular de
contaminacio, els plastics, ha despertat una atenci6é especial per la seva persistencia i
distribuci6 generalitzada. S’ha observat que poden interaccionar amb multitud
d’organismes marins, principalment a través de la seva ingestio o perque aquests hi queden
atrapats. A més a més, exposicions experimentals han demostrat possibles impactes
negatius. En general pero, encara existeixen nombrosos buits en el coneixement de les
fonts i el desti dels plastics, aixi com dels seu potencial impacte, especialment en forma de

microplastics.

El mar Mediterrani, i més concretament la zona del Mar Balear, ha estat destacada com una
potencial zona d'acumulacio de plastics, una hipotesi parcialment recolzada per les altes
concentracions de residus plastics observades en aigilies superficials. No obstant, és
d’esperar que una proporcio significativa d’aquests plastics s'enfonsin gracies al
recobriment d’algues (biofouling) i processos de degradacio, fent que arribin al fons del
mar. Toti que son pocs els estudis que de moment han caracteritzat la preséncia de plastics
al mar profund, es creu que aquests ambients poden arribar a presentar elevades

concentracions de plastics amb el temps.

D’entre tots els organismes que habiten aquests ambients, crustacis d’ambients batials com
Aristeus antennatus i Nephrops norvegicus, podrien ser més propensos a la ingestio i
retencio de plastics a causa de la seva estreta relacio amb el sediment, la forma en que
s’alimenten i la complexa morfologia del seu sistema digestiu. Donada la seva importancia
ecologica en les comunitats batials i seu alt valor comercial, I'estudi de la ingestio de plastics

i el seu impacte potencial és d'especial interés en aquestes especies.

La tesi actual té com a objectiu caracteritzar la ingestio de plastics, incloent microplastics,
en Aristeus antennatus i Nephrops norvegicus, dues de les especies de crustacis més
importants del Mar Balear, i avaluar el seu impacte potencial sobre I'estat de salut de les
poblacions salvatges. D'altra banda, un altre objectiu principal sera el d’avaluar 1'is
potencial d’aquestes espécies com a indicadores dels nivells ambientals de contaminacio
per plastics per tal de donar resposta a la falta d’indicadors de contaminaci6 per plastics en

les xarxes de monitoratge actuals.
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En el tercer capitol de la present tesi, es descriuen els nivells d’ingestio de plastics
d’ Aristeus antennatus en un ampli gradient espacial (incloent-hi els vessants continentals i
insulars) i de profunditat (630-1870 m). Tot i que es van observar uns valors de prevalenca
lleugerament més alts a les zones properes a Barcelona, no es va trobar una tendencia
decreixent amb la distancia, assenyalant aixi la vasta dispersio dels plastics en arees de mar
profund. També es discuteix el paper potencial d’'una dieta rica en bentos i I’estreta relacio
amb el fons mari d'A. anfennatus en 'elevada exposicio i ingesta de plastics, L'analisi
detallat de I'ecologia de les preses va revelar que aquelles gambes amb plastics presentaven
també una major contribucio6 de preses de I'endobentos als apats recents. Tot i que alguns
dels individus analitzats van mostrar agregacions de fibres embolicades (cabdells), en cap

cas es van observar correlacions amb els indexs de condicio corporal.

En el quart capitol, la ingesta de plastics a A. anfennatus es caracteritza en major detall a
tres localitats seleccionades al llarg de la costa catalana sotmeses a diferents fonts
antropogeniques de contaminacio per plastics. A més a més, es realitza una comparativa
temporal (2007 vers 2017-2018) per a individus mostrejats a Barcelona. En global, es van
observar fibres plastiques de diferents longituds, colors i composicions quimiques en
> 65% dels individus analitzats, independentment de la seva ubicacio i periode de mostreig.
Una part important d'aquests organismes van mostrar agregacions de fibres embolicades,
amb diametres de fins a 1 cm. Les diferencies observades entre les localitats mostrejades el
2018 van senyalar una major ingesta de plastics cap al sud durant la primavera, mentre que
al'estiu, les gambes de Barcelona van presentar gairebé trenta vegades més plastics ingerits
que a la resta de llocs. A nivell temporal, la ingesta de plastics en gambes del 2007 va ser
comparable a les de gambes del 2017 i 2018 (primavera) en abundancia, pero es va detectar
un canvi en la proporcio de polimers d'acrilic i de tereftalat de polietile (poliéster). Tampoc
es van trobar efectes consistents en la condicio de salut de les gambes, a excepcié d’'una
correlacio negativa entre l'index gonadosomatic i les fibres ingerides observada en gambes

capturades a Barcelona a l'estiu (zona amb els nivells d’ingestio de plastics més elevats).

En el cinqueé capitol, els nivells i I'impacte potencial de la ingesti6 de plastic s'avaluen en la
segona especie objectiu, Nephrops norvegicus. En aquest cas, s'utilitza una bateria de
marcadors enzimatics, els indexs de condicio i 'analisi d’alteracions histologiques per
avaluar l'estat de salut dels individus. També es descriuen amb detall la presencia i

caracteristiques dels plastics en mostres de sediments i aigua. A més a meés, l'impacte
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potencial d'altres contaminants toxics (metalls pesants) també s'avalua tot determinant els
nivells de concentracié en organismes (musculatura) i al medi (sediment). Es van identificar
plastics ingerits, majoritariament fibres, en el 86% dels individus, en major quantitat en
aquells mostrejats prop de Barcelona. L'analisi de mostres ambientals va revelar similituds
en els patrons d'abundancia i distribucio de mides entre les fibres ingerides i les presents
a l'aigua, tot i que no pel que fa a composicioé de polimers. En general, la presencia de
plastics no es va veure significativament correlacionada amb els canvis en els indexs de
condicio. No obstant, si que es van observar correlacions significatives amb les respostes
enzimatiques: una correlacio positiva amb l'activitat de la glutatio-S-transferasa i una
correlacio negativa amb l'activitat de la catalasa, suggerint un augment de la resposta
oxidativa en aquells individus amb una major abundancia de plastics ingerits. Els nivells de
metalls traca en musculatura van ser molt variables entre localitats de mostreig, mentre que
en mostres de sediments, les concentracions més altes de la majoria de metalls analitzat van
observar-se a Barcelona. En tot cas, tampoc es va observar una relacio significativa amb els
indexs de condicié corporal tot i que davant les concentracions observades, seria
recomanable realitzar un seguiment continu per a qiiestions de seguretat alimentaria.
Finalment, l'avaluacio histologica no va revelar alteracions importants o condicions
patologiques afectant els organismes de la zona, suggerint aixi que podria ser capac de fer

front als nivells de contaminacio6 actuals.

Finalment, en el sisé capitol es parla del possible ts de la presencia de cabdells de fibres
embolicades, trobats recurrentment en el contingut estomacal de N. norvegicus, com a
indicadora dels nivells de contaminaci6 per plastics a I'ambient. Per fer-ho, primer es
descriu la presencia i abundancia, aixi com les caracteristiques dels plastics ingerits en
individus de diverses poblacions de la distribucié europea de I'especie. Llavors, després de
relacionar amb exit la carrega total de plastics i la presencia de cabdells, s’utilitza la
prevalenca de cabdells per a 'estimacio dels nivells d'ingestio de fibres plastiques en altres
localitats. En general, les ubicacions amb nivells més alts d'ingestio de plastic (per exemple,
el Golf de Cadis, Barcelona i, parcialment, el Mar de Clyde) també van demostrar nivells més
alts de prevalenca de cabdells (fins a un 30% dels individus), en comparacio amb altres llocs
amb valors més baixos d'ingestio de plastic on, fins i tot, es va descriure la total absencia de
cabdells (per exemple, la zona del Delta de 1'Ebre). Les diferencies no es van poder atribuir

a diferéncies en la composicio de la dieta pel que es van considerar un reflex de les
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diferencies en contaminaci6 ambiental. Per tant, la determinacié de la prevalenca de
cabdells de fibres, especialment en aquesta especie, es proposa com un indicador
assequible i facil dimplementar en el seguiment de la ingestio de plastic en organismes

bentonics i, en ultima instancia, de la contaminaci6 per plastics a nivell ambiental.






CHAPTER 1 Introduction



1 Introduction

1.1 Plastic pollution: a new threat in a changing world

Human activities have an undeniable impact on Earth on a global scale. The increasing
evidence of this profound impact has led to the recognition of a new geological era, the
Anthropocene (Zalasiewicz et al., 2016). Human societies are driving a global and
unprecedented change by extensively modifying the land surface and accelerating
biodiversity loss and climate change, among other environmental changes (Barange et al.,

2011).

Marine ecosystems have not been exempted from such human influence. Marine resources
have been historically exploited for consumption and economic gain. However, population
growth and technological advances led to the intensification of human impacts with major
effects on the ecosystem. For example, sustained overfishing and the increasing power of
fishing fleets led to the collapse of entire coastal ecosystems (Jackson et al., 2001). The
historical perception of the sea as an enormous and immutable environment with an infinite

recovery ability is finally starting to fade out.

Similarly, chemical pollution of aquatic environments received little attention until a
threshold level was reached and adverse consequences started to appear (Shahidul Islam
and Tanaka, 2004). Up until then, the sea was rather viewed as a site of waste disposal, a
practice either justified by the dilution principle or deeply rooted in the “out of sight, out of
mind” culture. Pieces of evidence on the impact of several chemical pollutants (e.g., heavy
metals) have led to enhanced environmental protection. Nonetheless, with technological
advances, the production and diversification of synthetic chemicals is increasing at an

exponential rate and so might be their release into the environment (Bernhardt et al., 2017).

One of the most recent forms of pollution identified in marine environments have been
plastics. Their persistence and ubiquity have raised the alarms of both the scientific and
public communities as well as policymakers. Moreover, a particular form of plastic

pollution, microplastics, has even attracted more attention. Because of their size, organisms



might easily ingest them, which might allegedly lead to their bioaccumulation and therefore

repeating the patterns observed for other relevant contaminants in the past.

Unlike other historic contaminants, such as heavy metals or persistent organic pollutants
(POPs), plastics are easily distinguishable and are part of our lives on a daily basis. Despite
being a diverse suite of contaminants of varied physical and chemical properties, plastic
pollution, including microplastics, as a unitary concept has eclipsed the media and has
become a “charismatic” threat (Battisti and Gippoliti, 2019). Surprisingly, regulations on
plastic use, such as the ban on microbeads imposed in the United Kingdom in 2018, have
even anticipated the scientific consensus on their negative impact on organisms or human

health (Backhaus and Wagner, 2020; Burns and Boxall, 2018).

1.1.1 Brief history of (micro)plastics

The history of plastic dates back to humanity itself since ancient civilizations used natural
plastics (i.e. resins) for varied purposes (Bijker, 1987). During the 1860s, the first man-made
plastic, Parkesine, was manufactured from organic compounds, but it was not until 1907
that the first truly synthetic polymer, Bakelite, was created (Bijker, 1987; Reboul, 1997).
During the period surrounding World War II, most of the major plastics we know today -
polyethylene, polystyrene, nylon - emerged, and mass production of plastics started, mostly

to meet military needs (Napper and Thompson, 2020).

Afterwards, the benefits of plastics for consumer products became obvious, and plastics
started to take the place of traditional materials. Their adaptability, resistance and, most
importantly, low price granted them the most advantageous materials for a wide range of
applications. Thanks to plastics, major advances took place in various sectors, including
healthcare, medicine, building or consumer technology (Andrady and Neal, 2009). As a

result, global production of resins and fibres increased at an exponential rate.

The first observations of plastic litter in the ocean were recorded in the early 1970s, when
plastic fibres and pellets were reported in surface waters (Buchanan, 1971; Carpenter et al.,
1972; Carpenter and Smith, 1972; Heyerdahl, 1971). In particular, in their two works in

Science, Carpenter et al. (1972) and Carpenter and Smith (1972) already raised the concern



for these particles to be ingested by fish and cause intestinal blockage in small individuals
as well as being a potential source of polychlorinated biphenyls (PCBs). These studies
stimulated the interest in marine litter, and during the following decade, several studies
focusing more extensively on the distribution of floating and beached plastics and their
accumulation rate were published (Colton et al., 1974; Cundell, 1973). During the same
period, attention also started to be placed on the seafloor, and the first studies reporting
marine litter captured with fishing nets appeared (Holmstrém, 1975). Soon, the deep
seafloor was identified as a potential site of accumulation of plastic debris, though still
influenced by the proximity of potential sources and local hydrological conditions (Galgani

et al., 1996, 1995; Goldberg, 1997).

In 2004, the publishing of “Lost at Sea: Where’s all the plastic” (Thompson et al., 2004)
marked a turning point. In that work, they pointed how a great number of microscopic
plastic fragments might have resulted from the plastic (macro)litter originally released into
the environment. They also demonstrated the broad spatial extent and accumulation that
these microplastics had reach in a relatively short period of time. Together with the high
media profile of the description of vast litter aggregations in the oceanic gyres (Eriksen et
al., 2014; Law et al., 2010; Moore et al., 2001), Thompson et al. (2004) are considered
responsible for the resurgence of interest in the marine litter problem and the

popularization of microplastics (Bergmann et al., 2015).

During the past decades, hundreds, if not thousands, of works on plastic and microplastic
pollution, mainly targeting marine environments, have been published (Lakshmi Kavya et
al., 2020; Lusher et al., 2017). The presence of plastics has been reported in remote areas
such as the depths of the Kuril-Kamchatka Trench (NW Pacific) (Fischer et al., 2015) or the
deep Arctic seafloor (Bergmann et al., 2017), and their ingestion or entanglement has been
documented for at least 914 marine megafauna species (Kithn and van Franeker, 2020;
Provencher et al., 2017). Not to mention the wide range of experimental studies trying to
prove whether plastics, mostly in the form of micro- or nano-plastics, may or may not have
a negative impact on marine organisms and human health (Burns and Boxall, 2018; Rist et

al.,, 2018).

It has been estimated that a total of 8300 million Mt of virgin plastic were produced as of

2015, of which 4900 Mt (~60%) would have already been discarded (Geyer et al., 2017) and



Jambeck et al. (2015) estimated that 4.8 to 12.7 million Mt entered the ocean in 2010 alone.
Once plastics reach the environment, the same properties that granted their usefulness, low
density (most plastics are positively buoyant) and high durability, enhance their rapid
dispersion by water and wind (Ryan et al., 2009). They are now considered ubiquitous
contaminants whose sources are strongly linked to human activities (Fig. 1). The increasing
use of single-use products coupled with the inadequate disposal or poor waste management
and recycling practices still enhance the arrival of these plastics to the environment. As a
result, the levels of plastic, especially microplastic, pollution in marine environments
worldwide are expected to keep increasing, as they have been in the past 60 years (Ostle et

al., 2019).
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Fig 1. Main sources and pathways of plastic and microplastic litter into the environment.

1.1.2 Understanding the nature of microplastics

Rather than being a unique and clearly distinct substance, plastics are a diverse suite of
items of varied characteristics (Fig. 2) and microplastics might be considered a subdivision

of these contaminants with a particular size.

Chemical composition is, without doubt, the most fundamental criterion for defining plastic
litter. According to the International Organization for Standardization, plastic is: “a material

which contains as an essential ingredient a high polymer and which, at some stage in its



processing into finished products, can be shaped by flow” (ISO, 2021). This definition leaves
out elastomers, such as rubbers that might be easily mistaken for plastics, but includes a
diverse range of polymers (polyethylene, polypropylene, polystyrene, polyvinyl chloride or
polycarbonate, among many others) (Hartmann et al.,, 2019; Rochman et al., 2019). As
simple as it may seem, confirming the plastic composition of items observed in the
environment, particularly when facing particles of small sizes, requires the use of analytical
methods such Fourier transform infrared (FTIR) or Raman spectroscopy (Képpler et al.,
2015). Moreover, besides the main polymeric matrix, there can be a wide range of plastic
additives added during the manufacturing process such as flame retardants, colourants,

fillers, reinforcements, among others (Rochman et al., 2019).
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Fig 2. Common characteristics and criteria used in the description and classification of

plastic debris.

Secondly, size has been used to discriminates among physically different forms of plastic
pollution, e.g., to differentiate microplastics from plastic litter in a broad sense. Several
definitions have been proposed for the term microplastic since it was first used by Ryan and
Moloney (1990) to designate plastic artefacts of <20 mm of diameter (Hartmann et al., 2019).
There is still some debate around its proper characterization, though there seem to be two
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main strands of thought regarding size limits. On the one side, there is a substantial number
of studies that have agreed on the use of the definition of microplastics as particles smaller
than 5 mm (Frias and Nash, 2019). This upper limit was set in some of the first studies
focusing on microplastics (Arthur et al., 2009; Cole et al., 2011) and gained popularity
through their recurrent use and adoption by international organizations (i.e. UN
environment programme, NOOA or EFSA). On the other side, a recent line of research has
proposed a more traditional approach based on the conventional units of size, defining
microplastics as particles of 1to 1000 pym (Hartmann et al., 2019). Overall, the problem with
the definition of size limits extends to the lower boundary too, particularly now that there is

a growing interest in differentiation between micro- and nanoplastics.

Finally, shape would be the third most used criterion when reporting levels of microplastics.
Contrary to macro-debris, whose identity might be easily distinguishable and describable,
when it comes to microplastics, difficulties arise in the description of shapes. For instance,
terms frequently used are fragments, films, fibres, spheres, beads and pellets. The former
two have been commonly used to represent particles of irregular shape, with films being
considerably smaller in one dimension than in the other two. Thread-like structures with
one dimension (length) considerably longer than the other two (width) are referred to as
fibres. With fibres comes an example of how ambiguous the current definition of size is,
e.g., what should a thin (less than 1-5 mm of diameter) but long (more than 1-5 mm of
length) fibre be considered, a macro- or a micro-plastic? Hartmann et al. (2019) proposed
to use the largest dimension as the classifier for size categories though countless examples
exist on the classification of >1-5 mm long fibres as microplastics. Lastly, the terms spheres,
beads and pellets have been often used as synonyms and rather than describing shapes,
these terms imply the origin of the particles observed. Microplastics are considered to be
either primary, intentionally manufactured in the size observed to be used, mainly as raw
material in the plastics industry, or secondary, when they originate from larger plastic items
(Browne et al., 2007; Cole et al., 2011). Secondary microplastics can originate from the wear
and tear processes derived from the use of plastic products (i.e., the release of fibres from
fabrics, tire wear particles) or from the weathering processes they experience once in the
environment (Hartmann et al., 2019). Even though the strong bonds within the polymer and
their high molecular weight grant them a high resistance to degradation, solar radiation,

wave action, abrasion from sediment, or the interaction with organisms (e.g., biofouling,



ingestion) can reduce the structural integrity of plastics and result in their fragmentation

(Browne et al., 2007; Cole et al., 2011; Hodgson et al., 2018; Welden and Cowie, 2016a).

In addition to the varied criterion used for the identification of particles as plastics and their
further categorization into different size categories, studies in this research field have also
faced a recurrent debate on the methodologies to be used. In order to analyse and
characterize the presence of plastics, a great variety of methods have been proposed, e.g.,
visual inspection, density separation, digestion followed by filtration (Karlsson et al., 2017;
Lusher et al., 2017; Rocha-Santos and Duarte, 2015; Silva et al., 2018). And for each of them
several detailed protocols can be found in the literature using different reagents or detailed
protocols (e.g., digestion procedures with acids, bases or enzymes; Enders et al., 2017; Kithn
et al., 2017). Overall, there is no broad consensus on the best methods for plastics analysis,
which may in fact depend on the particular aim of each study. For instance, visual inspection
might be suitable for the monitoring of plastic entanglement in marine turtles or
microplastic ingestion but might not be suitable for the characterization of nanoplastics in
digestive contents (Hidalgo-Ruz et al., 2012; Renner et al., 2018). However, as a result,
values reported in different studies are sometimes hardly comparable and reproducible

(Cowger et al., 2020).

1.1.3 The potential impact of (micro)plastics

The possibility that plastics may have an impact on organisms has arisen from the simple
fact that they have become widespread in the marine environment. When trying to
understand their potential impacts on marine biota, it is key to account for the diversity
within plastics and microplastics. As mentioned above, they should be viewed as a diverse
contaminant suite whose different characteristics, including their polymer composition,
size and shape, as well as other less addressed characteristics such as their colour or the
presence of additives (Rochman et al., 2019), might play a key role on modulating their

potential impacts.

Mechanical effects of plastics, mainly entanglement and ingestion, were the first to be
noticed already in the 1980s (Laist, 1987). Records of entanglement of marine wildlife have
continued to date. They now include a long list of marine mammals, sharks, turtles, and
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seabirds that have been observed entangled to plastic macro-debris such as plastic bags,
lost or discarded fishing nets and a wide variety of consumer goods (e.g., the plastic six-
pack harnesses used to hold drink cans) (Baulch and Perry, 2014; Colmenero et al., 2017;
Derraik, 2002; Duncan et al., 2017; Laist, 1987; Ryan, 2018). Entanglement may significantly
affect the ability to move, feed and breathe, and eventually lead to the individual’s death
(Baulch and Perry, 2014). Marine megafauna has received the most attention in the matter,
but smaller organisms, e.g., fish and invertebrates, may be expected to suffer similar
impacts. For instance, ghost fishing could be viewed as a particular case of plastic

entanglement for fish (Brown and Macfadyen, 2007).

Despite being less visible than entanglement and requiring a greater effort to characterise
it, plastic ingestion is probably the most reported interaction in field studies between plastic
pollution and marine biota. Varying levels of plastic ingestion in terms of prevalence and
abundance have been reported among marine organisms, a variability that has been mainly
attributed to environmental differences, meaning different levels of exposure, and intrinsic
factors such as the feeding behaviour (Avio et al., 2020). It has been hypothesised that some
organisms, mainly visual predators, may actively ingest plastics because of their
resemblance with natural prey. The observations of benthic phase turtles showing a strong
selectivity for soft, clear plastic that might have been mistaken for jellyfish (Schuyler et al.,
2012) or those provided by Ory et al. (2017) on the great prevalence of blue polyethylene
fragments ingested by Decapterus muroadsi (Carangidae) whose diet commonly included
copepods very similar in size and colour to said fragments, would provide further support

to the hypothesis of active feeding on plastics.

On the other side, passive ingestion has also been suggested as an important route for
plastic uptake in marine organisms, with plastics being potentially ingested with prey (or in
prey itself, which could be considered trophic transfer) from the sediment or while
suspended in the seawater (Browne et al., 2007; Cole et al., 2011). As a consequence, those
organisms whose food sources overlap with the distribution of higher concentrations of
plastics, i.e., benthic feeders, or whose feeding strategy might be more susceptible to ingest
plastics, i.e., filter-feeders and deposit-feeders, may show an increased plastic uptake
(Karlsson et al., 2017; Wright et al., 2013b). Planktivorous and benthic fish, as well as
benthic crustaceans and invertebrate deposit- and filter-feeders, have been confirmed to

ingest plastics in natural settings (Avio et al., 2020; Li et al., 2016; Markic et al., 2020;
9



Murray and Cowie, 2011; Taylor et al., 2016). Anastasopoulou et al. (2013) related the
presence of hard items of plastics to certain fish species’ bathybenthic feeding habits, and
Avio et al. (2020) reported a higher diversity of polymers in benthic and pelagic species. In
the latter, a higher frequency of microplastic ingestion was observed in benthopelagic
species than pelagic and benthic ones, which was attributed to their higher possibilities to
interact with microplastics from the two compartments. Other opposing results can be
found in the literature, with Karlsson et al. (2017) reporting the highest concentrations in
filter-feeders, while Bour et al. (2018a) did not observe any influence of the feeding mode
on the levels of ingested microplastics. Overall, the scarcity of studies simultaneously
evaluating levels of plastic ingestion in organisms with different feeding strategies and
environmental concentrations hinder the proper evaluation of feeding strategy or trophic

transfer as significant factors for increased plastic ingestion.

Regardless of the route of entry, once inside the digestive tract, plastics may have a different
effect depending on their size in relation to the organism’s size. They can result in physical
impacts such as perforations or internal abrasions and even lead to gut obstructions if they
are big enough (Gregory, 2009; Markic et al., 2020; Wright et al., 2013b). Also, plastics may
be more or less easily expelled depending on their size, shape and the organism’s digestive
system’s morphology. The level of obstruction will likely depend on the size of the item
ingested, which must be small enough to be available for ingestion, and big enough to
produce such blockage at some point of the digestive tract. Something to be taken into
account is the flexible and elastic nature of some polymers that may ease the ingestion of
larger items, e.g., latex balloons, polyethylene bags. In other cases, the aggregation of
plastic items once ingested would also hinder their expulsion. For instance, Murray and
Cowie (2011) described the presence of large aggregations of fibres in the stomach contents
of Nephrops norvegicus, and later, Welden and Cowie (2016a) reported the presence of
similar aggregations after the exposure to isolated fibres under controlled conditions. In the
latter case, the prolonged and increased exposure to plastic fibres due to them being
retained in the stomach was associated with a reduction in the body condition of
langoustines. This reduction was further attributed to a false satiation effect caused by the
volume taken by plastics that led to a reduced feeding activity and, ultimately, a decrease in

the nutritional state.
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Since plastics have little (if they show signs of algae growth or epibionts) to no nutritional
value, the potential impact of plastic ingestion on the physical condition through the
reduction in the feeding stimulus has been long discussed (Derraik, 2002). Other feasible
implications might be reduced growth rates, diminished predator avoidance, lowered
steroid hormone levels or delayed ovulation and reproductive failure (Wright et al., 2013b).
Even though little evidence has been found in wild populations, see, for example, the
negative correlation sporadically observed between plastic ingestion and body condition in
the rocky shore crab Pachygrapsus transversus (de Barros et al., 2020) or between the
presence of plastics and stomach repletion in the Narwal shrimps Plesionika narval (Bordbar
et al., 2018), experimental exposures have provided strong support to this hypothesis. For
instance, following controlled exposures, marine worms and sediment-dwelling bivalves
displayed decreased energy reserves (Bour et al., 2018b; Wright et al., 2013a), and green

shore crabs showed a reduced scope for growth (Watts et al., 2015).

The possibility of translocation into the cell and bioaccumulation of plastic pollutants is one
of the main current challenges for the scientific community. To date, no clear
biomagnification trends have been observed in the field (Miller et al., 2020), although
translocation across the gastro-intestinal membranes and distribution into tissues and
organs has been demonstrated under controlled conditions for particles situated in the
lowest size range of microplastics and nano-plastics (Jeong et al., 2016). Regardless of the
potential internalization of the plastic agents used, experimental exposures to small-sized
microplastics have shown a number of negative outcomes in fish and invertebrates,
including oxidative stress, compromised immune response and tissue damage (e.g.,
splitting of enterocytes) (Brandts et al., 2018a, 2018b; Lei et al., 2018). One of the future
challenges will be to test whether nanoplastics might show significant impacts in the field
as well as to estimate the potential contribution of ingested microplastics to the release and

presence of nanoplastics in digestive contents.

Beyond their potential impact as particles, the role of (micro)plastics in the chemical
transfer of plastic additives and other hydrophobic organic chemicals (HOCs) to marine
organisms has also been discussed. On the one hand, leaching of plastic additives would be
related to the degradation of plastics themselves, leading to the release of substances that
were added to the virgin plastic material during its manufacture such as phthalates,
bisphenol A or polybrominated diphenyl ethers (Browne et al., 2013; Koelmans et al., 2014).
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Some of these substances are biologically active and may play a more prominent role than
plastics as particles in the impact on marine biota (Bergmann et al., 2015; Koelmans et al.,

2014; Meeker et al., 2009).

On the other hand, another line of research has been devoted to investigating the potential
role of plastics as vectors of HOCs. Thanks to their strong binding properties for HOCs,
especially microplastics for their higher surface to volume ratio, it has been suggested that
plastics might have a propensity to sorb and transfer to biota these substances (Rochman et
al., 2013; Teuten et al., 2009). Further studies have demonstrated that HOCs are present in
microplastics recovered from the field and can be successfully transferred to biota under
experimental conditions. However, a recent study provided evidence that the fraction of
HOCs sorbed by plastics would be small compared to other media like prey (Koelmans et

al., 2016).

In broad terms, and even though some significant impacts have been recorded under
experimental exposures, there is no clear consensus on the impacts of microplastics per se,
especially when considering the size range >20um (Burns and Boxall, 2018; Foley et al.,
2018; Jacob et al.,, 2020). A common criticism on the experimental exposures to
microplastics conducted to date has been the use of environmentally unrealistic exposures,
be it because: (1) concentrations used were orders of magnitude higher than the
concentrations reported in the environment, (2) the plastics used roughly represented the
diverse typologies of plastics observed in the wild, i.e., virgin plastics composed of only one
type of polymer and representing a single size and shape, or (3) plastic exposures were
tested against particle-free treatment exposures (Backhaus and Wagner, 2020; Lenz et al.,
2016). Moreover, most of the studies have focused only on very specific indicators of impact,
whilst multidisciplinary approaches would be strongly advised since we do not completely
understand the dynamics of microplastics yet. Not to mention that laboratory experiments

can hardly reproduce the multifactorial stressors that wild organisms might be facing.

Now more than ever, there is an imperious need for the proper assessment of the potential
impact of (micro)plastic pollution on marine organisms’ health in the wild with current
levels of exposure, as well as the establishment of monitoring networks based on the use of
cost-effective indicators that allow for the identification of areas of particular concern. Given

that plastic ingestion is common in marine biota and that it is expected to be related to
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environmental levels to some extent, levels of plastic ingestion in certain species might be
used as indicators of plastic pollution. A successful case of study is the use of northern
fulmars (Fulmar gracilis) to monitor plastic litter in the North Sea area (van Franeker et al.,
2011). However, to date, no marine species have been selected to monitor microplastic
pollution on smaller spatial scales, and most analytical methods for the identification of
microplastics are considered too time-consuming to be readily applied on existing

monitoring frameworks (Bonanno and Orlando-Bonaca, 2018; Fossi et al., 2017).

1.2 The Mediterranean Sea: a hotspot for anthropogenic

impacts

The Mediterranean Sea has been a historically populated area, particularly along their
coastlines where, ever since the ancient civilizations, urban settlements have thrived.
Intense industrial, urban, and agriculture uses, together with the release of their associated
chemical pollutants, heavy marine traffic and important fishing industries along their
continental shelves, have put the Mediterranean marine ecosystems under tremendous
cumulative pressure and future scenarios point to a significant increase in the risks
associated to these impacts in the coming decades (Cramer et al., 2018; MedECC, 2020). It
has been estimated that over 20% of the entire basin and nearly the totality of the territorial
waters of the EU member states are heavily impacted (Micheli et al., 2013). In fact, it is
thought that the Mediterranean Sea may be experiencing the global trends in climate and
environmental change to a larger extent due to the high anthropogenic pressure. For
instance, its narrow shelves and the decline in the fish stocks motivated the shift of the
fishing fleet towards deeper regions a long time ago, and Mediterranean waters are
warming approximately 0.4 above the global average (MedECC, 2020 and references

therein).

On top of that, it has been identified as a hotspot for plastic pollution with levels of surface
plastic and microplastic debris equivalent to that identified in the oceanic gyres (Cozar et
al., 2014; Suaria et al., 2016; Suaria and Aliani, 2014). The densely populated coastlines and

intense industrial and agricultural uses, as well as the influence of rivers with heavily
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urbanised watersheds (e.g., Nile, Rhone, Po), might be acting as great sources of plastic
litter, which then coupled to the hydrodynamics of a semi-enclosed basin might explain the

rising levels of plastic pollution in the area.

Given that the Mediterranean Sea harbours between 4 and 25% of the world’s marine
species (Coll et al., 2010), plastic pollution, in conjunction with all the anthropogenic
impacts present in the area (i.e. fishing, habitat loss, other forms of chemical pollution,
climate change, eutrophication), must be regarded as a particularly concerning threat to the

marine wildlife of the area.

1.2.1 Bathyal decapod crustaceans from the Balearic Sea:

threatened by (micro)plastic pollution?

The Balearic Sea is situated in the north-western Mediterranean, delimited by the Spanish
coastline and the Balearic Islands (Fig. 3). Modelling approaches have pointed it out as one
of the main potential areas for plastic accumulation in the near future (Coppini et al., 2018;
Kaandorp et al., 2020; Liubartseva et al., 2018), and several studies have already highlighted
the current levels of microplastics in surface waters (Camins et al., 2020; de Haan et al.,
2019; Ruiz-Orejon et al., 2018). Deeper areas have been less studied regarding
microplastics, but marine litter, mainly in the form of derelict fishing gear partially made of
plastic, has also been extensively recorded in the continental shelf and submarine canyons
(Galgani et al., 1995; Galimany et al., 2019; Garcia-Rivera et al., 2018; Tubau et al., 2015).
Moreover, deep-sea sediments are regarded, in general terms, as a major sink for
microplastics (Sanchez-Vidal et al., 2018; Woodall et al., 2014). Even though most plastics
are considered to be positively buoyant, thanks to biofouling and adherence of particles as

well as the action of waves, they become negatively buoyant and eventually sink.
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Fig 3. Map of the study area. Depth contours reprinted from EMODnet
Bathymetry Consortium (2020).

Therefore, it is highly likely that organisms inhabiting the deep-sea sediments of the area
might be exposed to great levels of plastic pollution. Among these organisms, and based on
the evidence provided from worldwide field studies and laboratory experiments, benthic
crustaceans might be one of the groups more prone to ingest, as benthic feeders exposed
to plastics accumulated in the sediment, and retain, through the aggregation of ingested
items, great values of plastics, such as those repeatedly observed for Nephrops norvegicus
in the Clyde Sea (Murray and Cowie, 2011; Welden and Cowie, 2016¢). Since most decapod
crustaceans are expected to have a similar digestive system (Patwardhan, 1935, 1934), the

formation of such aggregations could be expected in other representatives.

In the Balearic Sea, benthic crustaceans are an important part of the megafaunal
assemblages. The dominance of decapods among invertebrates in Mediterranean waters
greatly contrasts with the dominance of echinoderms in Atlantic waters at a similar latitude
(Cartes and Sarda, 1993). As a result, they have been an important resource for the local

commercial fisheries. Among all species, Nephrops norvegicus and Aristeus antennatus
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represent probably the most economically and ecologically relevant species in the Balearic
Sea (Cartes et al., 1994; Cristo and Cartes, 1998; Gorelli et al., 2017). They are both the
dominant decapod crustaceans from their respective assemblages, and even though they
are not considered top predators, they occupy a high position in the trophic chain. Overall,
besides the potential impact of plastic ingestion, these species might also be experiencing
the impact of other environmental stressors such as fishing and the potential
bioaccumulation of other chemical pollutants known to occur in the area, e.g., heavy metals

(Palanques et al., 2017).

1.2.2 The blue and red shrimp, Aristeus antennatus (Risso, 1816)

Aristeus antennatus (Decapoda: Aristeidae) is a demersal deep-sea shrimp distributed
throughout the Mediterranean Sea and in Atlantic waters from Cape Verde to the Portugal
Coast (Crosnier and Forest, 1973; Lagardere, 1977). In the Mediterranean, it has a mid-
bathyal distribution ranging from 450 to 3300m with the highest abundances observed
between 600 and 1200 m (Cartes et al., 2017). Its diet consists of a great diversity of benthic
and benthopelagic organisms, with ontogenic changes in diet and an intimate relationship
with submarine canyons (Cartes, 1994; Cartes et al., 1994). Thanks to its great commercial
interest, a great number of studies have been devoted to its diet (Cartes, 1994; Cartes et al.,
2008; Cartes and Sarda, 1989), sexual development and recruitment (Carbonell et al., 2008;
Cartes et al., 2017; D’Onghia et al., 2009; Demestre et al., 1997), moult (Sarda and Demestre,
1985), and other aspects of its biology and ecology (Carbonell et al., 2010, 1999).

Ingestion of plastic debris by A. antennatus (i.e., fishing line reported as “nylon threads”)
was noted sporadically in diet studies conducted in the Balearic and Ionian seas (Cartes et
al., 2008; Kapiris and Thessalou-Legaki, 2011), but its prevalence and potential impact have

never been properly addressed to date.
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1.2.3 The Norway lobster, Neofirops norvegicus (Linnaeus, 1758)

Nephrops norvegicus (Decapoda: Nephropidae) is a benthopelagic crustacean with a wide
geographical distribution, from the north-west Atlantic coasts to the eastern Mediterranean
Sea (Zariquey Alvarez, 1968). Its bathymetric distribution in the Mediterranean reaches
depths of 870 m, although its maximal densities have been found between 245 and 485 m
(Cartes et al., 1994). This species is considered a generalist predator and scavenger whose
diet includes crustaceans, echinoderms, polychaetes, molluscs, foraminifera and fish
(Cristo, 1998; Johnson and Johnson, 2013). A particular feature of the species is its
burrowing behaviour as individuals excavate extensive burrows to provide refuge from
predators. In particular, egg-bearing females would spend prolonged periods of time inside

the burrows (Rice and Chapman, 1971).

Similarly to A. anfennatus, its great commercial and environmental value has encouraged
numerous studies since the 1980s both in the Atlantic and Mediterranean areas to
characterise its biology and ecology, including diet, growth, ecosystem roles, social
behaviour or reproduction patterns, among others (see Johnson and Johnson (2013) and
references therein). Of particular interest is the occurrence of epibiotic symbionts and
pathological conditions reported in populations of N. norvegicus, especially in the Clyde
Sea, whilst almost none of them have been reported in Mediterranean waters to date

(Stentiford and Neil, 2011).

Concerning plastic pollution, several studies have characterised the levels of plastic
ingestion in wild individuals from the Clyde Sea (Murray and Cowie, 2011; Welden and
Cowie, 2016c), the Irish coast (Hara et al., 2020; Pagter et al., 2020), the Balearic Sea
(Alomar et al., 2020) and the Adriatic Sea (Avio et al., 2020; Cau et al., 2019). Moreover,
experimental studies have been conducted under controlled conditions to explore the
effects of prolonged exposure to plastic fibres (Welden and Cowie, 2016b) and to evaluate

the potential of microplastics as vectors of PCBs (Devriese et al., 2017).
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1.3 Assessing the potential impact of pollutants on health

condition

Assessing the health status of organisms can be very challenging in natural settings where
organisms may be subject to multifactorial impacts. Although there is no single biomarker
that may unequivocally measure environmental degradation, when combining markers of
effects at different levels, we might be able to point out trends potentially related to the
biological response to polluted environments (Galloway et al., 2004) and even detect early

signs of impairment in populations (Colin et al., 2016).

Some of the most commonly used techniques for health assessment in marine organisms
are the use of condition indices, biochemical determinations of enzymatic activities, and

the histopathological assessment of target organs.

Body condition indices, including the relative condition factor and the hepatosomatic and
gonadosomatic indices, are measures of body mass (i.e., “plumpness”) relative to size. They
are considered an estimate of the nutritional status or fitness, which may result from past
foraging success, feeding intensity or exposure to environmental stress (Jakob et al., 1996;
Jones and Obst, 2000). However, given the multiple confounding factors that exist (e.g.,
genetic differences, variable relationship with lipid content or reserves, seasonal trends
associated with reproductive changes), when used with no other fitness measures, they

should be carefully interpreted (Wilder et al., 2016).

The determination of multiple enzymatic activities makes it possible to integrate effects
occurring at several physiological pathways (Crespo and Solé, 2016). For instance,
cholinesterase activities are widely used as indicators of exposure to chemical contaminants
(i.e., organophosphorus pesticides) (Fulton and Key, 2001), whereas antioxidant enzymes
such as catalase have been related to oxidative stress (Valavanidis et al., 2006; Winston and
Di Giulio, 1991). In any case, there is a body of work supporting their use in the evaluation
of the exposure to environmental pollutants, including plastics, in a wide range of

organisms (Koenig et al., 2013; Solé et al., 2010b, 2010a; Suman et al., 2021).

Finally, histological assessment has proved useful to evaluate the biological effects of

contaminants in fish (Feist et al., 2015; Stentiford et al., 2003). Even though significant
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changes have been reported, for example, in the hepatopancreas of penaeid shrimps
exposed to hydrocarbons, the usage of histological techniques to assess pollution trends in
crustaceans has been less extended (Sreeram and Menon, 2005). In crustaceans, though,
histopathological assessment has been extensively used to evaluate and characterise
parasitic infections (e.g., Hematodinium sp. or bacterial infections) and other pathological
conditions (Manan et al., 2015; Stentiford and Neil, 2011). Moreover, the prevalence and
level of parasitic infections may also be used as indicators of stress conditions, pollution
gradients and altered host’s response (Marcogliese, 2005). Histological assessment has

even proved useful in nutritional assessments (Vogt et al., 1986).

Each of these approaches covers a different temporal scale and type of response to
environmental stressors (including pollutants). Enzymatic determinations mostly indicate
early responses to toxic substances at a sub-individual level and, therefore, might have a
small ecological relevance if these responses do not translate into significant effects at the
individual level. On the other side, histological alterations might be considered
intermediate responses at an individual level of greater ecological relevance since they
result from adverse biochemical and physiological changes that have led to discernible
tissue alterations or diseases. Condition indices could be regarded as markers of
physiological state halfway through enzymatic activities and histological alterations in
terms of response and ecological relevance. Therefore, when used all together, these
markers might help elucidate whether potential effects of a toxic agent are limited to a sub-
individual level or have rendered changes in upper levels of organization, e.g.,
histopathological alterations, meaning they might have a more relevant environmental

impact.
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2 Objectives

Considering the insufficient knowledge on the effects of (micro)plastic pollution on marine

organisms in the field as well as the raising evidence for their accumulation in the

Mediterranean deep sea, the primary purpose of the present thesis is to characterise

(micro)plastic ingestion in two important bathyal crustacea species of the Balearic Sea and

evaluate its potential impact on health condition of wild populations. Another main objective

is to evaluate the potential use of plastic ingestion in these species as an indicator of

environmental plastic pollution.

In order to fulfil these general goals, the following specific objectives are defined:

D

2)

3)

4)

5)

6)

To determine the levels of plastic ingestion in wild populations of key crustacea
species of the NW Mediterranean Sea, Aristeus antennatus and Nephrops

norvegicus.

To provide an accurate characterization of (micro)plastics ingested in size, shape,

and chemical composition through optical microscopy and FTIR.

To analyse the spatial and temporal variability in the prevalence and abundance of
(micro)plastics ingested and discuss the trends observed as a function of potential
environmental (i.e., potential sources) and biological (i.e., sex, size or moult stage)

drivers.

To analyse the feeding intensity and diet composition and its relationship with

ingested (micro)plastics to infer the most likely route of (micro)plastics uptake.

To evaluate the potential use of (micro)plastic ingestion in these species as an

indicator for environmental levels of (micro)plastic pollution.

To determine the presence and abundance of (micro)plastics and their
characteristics (i.e., size, shape, chemical composition) in bottom water and
sediment matrices to establish the correlation between environmental exposure

levels and organisms’ ingestion.
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7)

8)

9)

To analyse the relationship between general condition indices (i.e., relative
condition factor, hepatosomatic index and gonadosomatic index) indicative of
general nutritional status as a proxy of health status and the prevalence and

abundance of ingested (micro)plastics.

To perform histopathological analyses of target organs (i.e., gills, hepatopancreas,
gonad and abdominal muscle) in order to detect the presence of pathological
conditions potentially related to (micro)plastic ingestion or other pathological
conditions (i.e., parasitic infections) that might modulate organisms’ response to

other stressors.

To determine enzymatic activities known to relate with potential biological and
stressing  conditions  (i.e., lactate dehydrogenase, citrate synthase,
acetylcholinesterase, carboxylesterase, glutathione-S-transferase, catalase,
ethoxyresorufin-O-deethylase) and relate them with levels of (micro)plastic

ingestion or other potential pollution gradients.

10) To integrate the variability of environmental parameters and levels of other toxic

pollutants (e.g., heavy metals) in the health assessment.
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CHAPTER 3 Spatial occurrence and effects of
microplastic ingestion on the deep-water

shrimp Aristeus antennatus
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ARTICLEINFO ABSTRACT

Keywords: Microplastic (MP) ingestion has been reported in a wide variety of organisms, however, its spatial occurrence

Microplastic ingestion and effects on wild populations remain quite unknown. The present study targets an economically and ecolo-

"'ibcfs gically key species in the Mediterrancan Sca, the shrimp Aristews enternatus. 39.2% of the individuals sampled

glcdn;rranmn Sea had MP in their slomachs, albeit in areas close o Barcelona cily the percenlage reached values of 100%. Overall,
eep Sea

AFISIews GIMENnmng

MP ingeslion was confirmed in a wide spatial and depth (630-1870m) range, poinling oul the greal dispersion

of this pollutant. The benthophagous diet and elese relationship with the sea bottom of A, entennatus might
enhance MP exposure and ultimately lead to accidental ingestion. Detailed analysis of shrimps' diet revealed that
individuals with MP had a higher presence of endobenthic prey. Microplastic fibers are probably retained for
long periods due to stomach's morphology, but no negative effects on shrimp’s biological condition were ob-

served.

1. Introduction

Plastic pollution has attracted increasing attention worldwide
during the last decade and it is currently one of the most concerning
threats for wildlife and natural resources (Law and Thompson, 2014).
In particular, there is a rising concern about microplastics (MPs], here
defined as particles of < 5mm in size (GESAMP, 2015). They can be of
primary origin (i.e. manufactured with this size) or originate from the
fragmentation of larger items of plastic (Lusher et al., 2017).

Microplastics can be dispersed over long distances due to their
buoyant and persistent properties coupled with surface tension and
oceanographic currents. Moreover, the biofouling process and forma-
tion of marine snow, make them eventually settle and spread alse
vertically through the water column and reach the seabed level
(Claessens et al., 2011; Tuban et al., 2015; Woodall et al., 2014). Asa
consequence, they have already been found in a variety of marine ha-
bitats, from sherelines (Ryan et al., 2009) to deep waters (Taylor et al.,
2016; Woodall et al., 2014) and cven in the remote Antarctic marine
system (Waller et al.,, 2017), with low human activity.

Because of their small size, MPs are bioavailable to a wide range of
organisms, especially through their ingestion in organisms situated at
low trophic Tevels. Qverall, MP ingestion has been confirmed for over

* Correspending author.
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220 species (Lusher et al,, 2017). Many of these reports include the
uptake of MPs by invertebrates, with high values of contaminated in-
dividuals in crustaceans (Devriese et al., 2015; Murray and Cowie,
2011). Once inside the organisms, MPs can lead to multiple damages,
from direct physical harm such as atrachment to the digestive struc-
tures, internal abrasions or digestive hlockage to secondary detrimental
effects on overall condition or reduced fecundity, among others
(Browne et al., 2015; Law and Thompson, 2014; Wright et al., 2013a).
Most of these evidences have been tested in experimental designs, yet
effects of MP ingestion in natural environments are still poerly known
(Cesa et al., 2017; Wright et al., 2013b).

In the case of the Mediterranean Sea, given its unique ecosystems
and historically high pressure of anthropogenic activities, impact of
MPs could he particularly relevant (Cozar et al., 2015). Tt has already
been identified as a region of particularly high plastic litter con-
centration (Lebreton et al., 2012; Woodall et al., 2014), with an average
value of 423gkm ™2 and 1 item m™~? in surface waters that can be
comparcd to that in the accumulation zonces of the five subtropical gyres
(Cdzar et al., 2015). These values could be explained by both human
and environmental factors. Its densely populated and industrialized
coastlines, together with the discharge of important rivers such as the
Rhéne River in the Western Mediterranean Sea, and a high maritime
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traffic, would explain a great input of marine litter (Eriksen et al., 2014;
Tubau et al., 2015}, This, coupled with its small area and the hydro-
dynamics of a semi-enclosed basin, which means that there is a small
export of litter to the Atlantic Ocean through the Strait of Gibraltar,
explains the great accumulation of plastic debris in the Mediterranean
Sea, not only at the surface but also at seabed levels (Cozar et al,, 2015;
Tubau et al,, 2015}, The vast majority of research concerning MP in-
gestion in the Mediterranean Sea has focused on fish species (Alomar
and Deudero, 2017; Anastasopoulou ¢t al., 2013; Bellas ct al., 2016;
Cartes et al., 2016; Collard et al., 2017; Nadal et al., 2016; Romeo et al.,
2015} but no studies have been properly addressed with crustaceans as
study species.

The deep-water shrimp Aristeus antennatus (Risso, 1816) is a com-
mereially and ecologically relevant species (Cartes et a1, 2017, 2008)
deminant in deep-ses communities {Cartes and Sarda, 1993). It inhabits
mainly the western and central Mediterrancan basing (D'Onghia et al.,
2005) and has a strong relationship with submarine canyons since a
trophic point of view (Cartes, 1994), with reproduction and especially
recruitment taking place at depths = 1000m, below fishing grounds
(Cartes et al,, 2017; ¥Onghia et al.,, 2009). Despite having a wide
bathymetric distribution, from 600 to 3300 m in the western and cen-
tral basins (Sarda ct al., 2004}, highest abundances have been deseribed
at depths between 600 and 1200 m (Carles ct al., 2017; D'Onghia ct al.,
2009). Moreover, this species is one of the most valuable and targeted
demersal resources In the Balearic Basin and their catches by bottom
trawlers make up for 50% of the income of the local fishermen's asso-
ciations (Gorelli et al., 2017}, Presence of plastic debris in the digestive
tract of A. antennatus has been reported sporadically while studying its
diet (Cartes et al., 2008; Kapiris and Thessalou-Legaki, 2011) but no
study has focused on MP ingestion and its effeet for this species.

The current study aims to evaluate specifically the presence of MPs
in the digestive tract of Aristeus antennatus from the western
Mediterranean Sea and the possible origin of these pollutants. We hy-
pothesize that. the high economic activity developed around a densely
poepulated and industrialized metrepolitan area, such ag Barcelona, acts
as the main source of microplasties in the sea. Thus, the occurrence of
plastics should vary along a gradient of distance Lo Barcelona cily. In
addition, the relationship between the presence of MPs and shrimp's
diet or its effect on shrimp's health condition is explored for the first
time.

2. Materials and methods
2.1. Sampling und data collection

Individuals of Aristeus antennaius were collected from different sites
in the Balearic Basin (northwestern Mediterranean Sea). Fifteen sam-
plings (hauls) were performed between 2008 and 2011, during different
seasons (twelve of them during late spring and early summer) at depths
ranging between 620 and 1870 m (Table 1). All samplings were carried
out within the framework of the research projects BIOMARE and
ANTROMARE (Spanish Ministry of Science and Innovation) on board of
the research vessel Garcia del Cid using a semi-balloon otter-trawl,
OTSB-14. Sampling points were grouped into three categories ac-
cording to their distance to Barcelona city, ie. distance 1 (under
32.4 Nm of Barcelona), distance 2 (between 32.4 and 64.8 Nm of Bar-
cclona) and distance 3 (over 64.8 Nm of Bareclona).

Specimens were immediately frozen on board and kept at —20°C
until further inspection. Once in the laboratory, shrimps were measured
{cephalothorax length, CL, in mm; and total weight, TW, in g) and
dissected, Presence of MP was recorded for each individual when fibers
or fragments potentially made of plastic were clearly found embedded
in the gut content (alimentary balus). Moreover, MP fibers can occur as
isolated fibers or tangle up into balls, in any case, the ocewrence of
isolated MP or MP balls was annotated separately. In addition, in a
subsample of 29 individuals (see Table 1 for details); detailed analysis
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Table 1

Sampling data for Arisieus antennaiis included in the spatial analysis of the
presence of microplastics [n stomachs and analysis of biological condition and
diet. Loc: distance-based classification into three categories, distance 1 {d1),
distance 2 (d2) and distance 3 (d3) n = number of individuals analyzed for
spatial occurrence of shrimps with microplastics in their stomachs; * individuals
also included in the analysis of diet and biological condition.

Trawl Date Depth (m}  Latitude Longitude Loc n
(deg, min, N1 (deg, min, F)

E305 26/02/2008  996.5 41" 08.32 2" 50.06 dl &
Al 080772010 1024 AP 58.69 2" 01.14 d1 27
A314 2271072011 1028 40" 57.99 2 02.87 dl 9
Alll 13/407/2010 1630 407 56.40 27 30.03 d1 4
A204-6  19/06/2011 638 40" 54.36 1"39.22 dz 4"
Al09 1240772010 17435 407 38.39 27 0412 dz2 10
Al10 12/07/2010 1787 407 30.81 27 03.68 dz 9
AZ07-8  20/06/2011 626 407 40.92 17 26.44 2 1o%
AZ01-2 1850672011 643 47 34.48 1" 26.47 dz 10+
Al22 21,/07/2010 18735 40" 23.30 2" 40.65 d2 10
AlL20 20407/2010 1605 407 08.53 2712.21 d3 8
Al21 2040772010 1477 4 05,37 211,53 3 9
All9 19/07/2010 12315 39" 55.16 2" 08.25 d3 10
Al17 19/407/2010 1006 39° 52.39 27 20.20 d3 10
A312 19/10/2011 1407 397 45.53 1" 44.88 d3 7

of shrimp’s cendition and diet was performed. Iepatopancreas weight
(HW) in g was rceorded and shrimp condition was assessed by condi-
tion factor (as K = (TW/CL* x 100) and hepatosomatic index (as
HSI = (HW/TW) x 100). Analysis of diet is further explained in Secticn
2.3

An additienal sampling was performed in 2017 in order to char-
acterize shrimp’s stomach morphology and MPs. Shrimps were collected
from a commercial vessel off Barcelona at a depth of 974.5m (41"
09.65° N; 2° 18.40° E). Eleven individuals were immediately fixed in
10% bulfered formalin and later processed in order to characterize
shrimp's stomach morphology and MPs found within (see Section 2.4
for details concerning microplastic characterization).

Measures were adopted while handling and processing the samples
in order to prevent airborne contamination (Woodall et zl., 2015).
Work surfaces and disseetion material were swiped cleaned with al-
cohol and revised under the stercomicroscope and nitrile gloves and
100% cotton lab coat were worn at all times.

2.2, 8patial occurrence of microplastics in stomachs

Occwrrence of MP (isolated fibers or fragments, balls or both) was
caleulated for each sampling point as the number of individuals with
MP in their stomachs divided by the number of individuals examined.
Differences in MP occurrence hetween distance-based categories were
tested for each possibility (i.e. isolated fibers, balls or hoth) using two-
way ANOVA including depth and shrimp size (CL) as covariates, fol-
lowed by Tukey's HSD post-hoc pairwise comparisons. Correlation be-
tween MP and ball cccurrence was also explored by simple linear re-
gression analysis (SLR). Statistical analyses were run using RStudio
(Version 1.0.1326).

Following dissection, stomachs from the eleven individuals sampled
in 2017 were used to characterize stomach's marphology. Brietly, sto-
machs were cleaned in 10% KOH solution and stained with Alizarin-
Red based on Castején ct al. (2015} protocels and close-up images were
taken using an Olympus Tough TG-3 Stylus camera.

2.3. Detailed anatysis of diet and biological condition

In a subsample of 29 individuals, after the examination of stomachs
for the presence of MP and balls, all stomach content was weighed (CW)
to the nearest 0.1 mg. Prey were identified o the lowest possible
taxonomniic level under a stereomicroscope and weighted. Since shrimps
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erush and cut prey in a number of small pieces, it was not often possible
to obtain a direct weight for each prey item. Then, weight of prey
consumed was estimated after the percentage volume cccupied by each
prey in stomach content using the subjective points method
(Swynnerton and Werthingten, 1940). This methodology has been
successfully used in previous works that analyzed this shrimp's diet
(Cartes, 1994; Cartes et al., 2008), The whole stomach content weight
was thereby partitioned for each prey-type. Feeding intensity was
measured through a fullness stomach index caleulated as follows
F =CW/TW % 100, in wet weight. Shannon-Wiener index (H’)
{Shannon and Weaver, 1948) and Eveness (J7) (Pielou, 1975) were used
to caleulate trophic (diet) diversity.

In addition, diet items were classified into four ecological catagories
depending on habitat and movement/swimming capacity of prey (en-
debenthos, epibenthos, hyperbenthos and plankton) and the following
variables were caleulated for cach individual:

- Total biomass (TB) as the absolute biomass of all diet items for each
ecological category.

- Relative hiomass (RB) as the percentage of total hiomass for each
ecological category in relation to total gut content.

- Relative diversity (RD) as the percentage of taxonomic items present
in cach individual in relation to the total number of taxcnomic items
identified for the same category in all individuals.

Possible differences on shrimp’s biological variables (CL and TW),
condition indices (K and HSI), feeding intensity (F) and diet diversity
(IT" and J* indices) according to MP presence were tested by means of
ANOVA after square-transformation of the data. Multivariate data en
dict composition was also analyzed by Principal Coordinate Analysis
(PCoA) performed on Bray-Curtis matrices derived from square-trans-
formed data and followed by PERMANOVA analysis in order to explore
differences related to MP presence. Permutation p-values were obtained
under unrestricted permutation of raw data (9999 permutations).
Similarity percentage analysis were carried out in order to explore
which taxa contributed the most te similarity/dissimilarity between
groups according to MP presence. Finally, we scarched for possible
trends in TB, RL and RD and ecological categories in relation to plastie
presence at two levels: (1) by PCoA techniques coupled with PERMA-
NOVA analysis, and (2) by ANOVA tests (or Wilcoxon Rank Sum tests if
normality conditions were not accomplished after square root trans-
formation of data). In the former, we defined as variables the combi-
nation of TB, RB and RD with ccological variables, and thercfore car-
rying cach analysis with four variables (c.g. total endobenthic bivmass,
total epibenthic biomass, total hyperbenthic biomass and total plank-
tonic biomass for TB multivariate analysis). Principal Coordinate
Analysis were carried out with Bray-Curtis similarity matrix and plotted
in two dimensions. Furthermore, Pearson’s correlation for each variable
and PCoA axis was calculated. In the latter, we compared 1B, RB and
RD for each ecological category at a time using plastic presence as

r
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factor in order to determine which category was responsible for the
differences detected in multivariate analysis. All pairwisc comparison
tests (ANOVA and Wilcoxon) were performed in RStudic (Version
1.0.136) and PCoA and PERMANOVA analysis were performed with
PRIMER PEEMANOVA + 6 (Anderson et al., 2008).

2.4. Characterization of microplastics

Only MPs recovered from the disseetion of shrimps sampled in 2017
for stomach's characterization purposes were analyzed. Following dis-
section, MPs were saved individually. When a ball of tangled up fibers
was found, each fiher was carefully separated. All MPs were described
in terms of aspect -color, maximum length and mean width (calculated
on the basis of three random measures)-. Images and measures were
taken with a Leica camera attached to a microscope using ProgRes®
CaplurcPro 2.7 calibration sofiwarc. The polymer composition was
identified using Tourier transformed infrared (TFTIR) spectroscopy
technique. Organic debris was manually removed from items, which
were rinsed and dried pricr to analysis. Spectra were collected in
transmission made in 16 scans with a resolution of 1.92¢m ™! using a
‘Tensor 27 FI1R spectrometer (Bruker Optki GmbH, Ettlingen, Germany)
cquipped with a diamend attenuated total reflectance (ATR) unit
Resulling spectra was manipulated with The Unscrambler® X (Version
10.4) software in order to apply baseline corrections, normalize char-
acteristic peaks and apply signal corrections in test samples. Then, each
corrected spectrum was compared with reference spectra, Spectra from
11 common reference polymers were included in a self-generated Ti-
brary {acrylic, cellulose, elastane, nylon/polyamide, low-density and
high-density pulyethylene, polyethylene terephthalate (including sam-
ples used in packaging and textle —polyester—), polypropylene, poly-
styrene, polyurethane, and rayon/viscose). Similarity correlation in-
dices between sample and reference spectrum were calculated for
characteristic hands (from 1800 to 670cm™! wavelengths) and va-
Tues > 70% similarity were selected. Results were further checked hy
visual correlation of peaks and by using the KnowltAll® (Bio-Rad, USA)
software in order to compare spectra with a broader database.

3. Results
3.1. Spatial occurrerice of microplastics in stomachs

A total of 58 out of 148 (39.2%) individuals of Aristeis antenmatus
contained MPs inside their stomachs. The vast majority of items founc
were fibers that, in some cases, were tangled up in balls (Fig. 1). These
fibers might be considered meso- or macroplastics according to their
length (sometimes surpassing 5 mm) but are named microplastics based
on their diameter {< 1mm).

Microplastic balls were often found near the gastric mill during
dissection. Macroscopic ebservation of stained stomachs revealed at the
gastric mill the presence of numerous chitinous teeth and plates

Fig. 1, Aggregation of microplastic fibers
tangled up in balls, recovered from (he
stomach content of Arsteus anfennatus in-
dividuals captured in Lhe Balearic Basin,
(northwestern Mediterranean  Sea).  A)
Isolated ball made up of more than five fi-
bers of different colors and diameter. B)
Size of a ball {white circle and arrow) in
relation with the size of the chitinous teeth
of the stomach (black arrow).
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Fig. 3. Spatial occurrence of microplastics (MP) in stomachs of Aristeus anien-
natus captured in Northwestern Mediterranean Sea. The size of the circles re-
presents the percentage of individuals with MPs inside their stomachs. Dotted
lincs divide the study arca into three categories based on the distance to
Barcelona city.

sitnated at the entrance of the hindgut. In particular, our observations
confirmed the presence of two lateral and ene median protruding tooth
(Fig. 2}, and several setae.

Percentage of MP occurrence (l.e. percentage of shrimps with MP
inside their stomachs) varied for hauls between 0 and 100% (Fig. 2).
The highest values were found for hauls B805 and A111, hoth relatively
close to Barcelona city (d1), while no individuals containing MPs were
found in A204—6 hauls (d2). There was a trend to higher MP occurrence
in hauls performed close to Barcelona city, with marginal significant
differences between d1 and  d2-d3 (Fo,;, = 3.784, p = 0.0532)
{Table 2). The cccurrence of MP balls ranged between © and 33.3% and
no differences were found among distance-based categories. When only
shrimps with MPs were taken into consideration, one out of four in-
dividuals had balls of MP fibers, A positive relationship between the
occurrence of isolated fibers and the occurrence of balls was observed
(R? = 0.42; F113 = 11.03; p = 0.006). In any case, no trends were ob-
served neither for depth of capture, that ranged between 600 and
1800 m, nar shrimp's size (CL), with individuals ranging between 20.3
and 56.8 mm.
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Fig. 2. Macroseapic view of the stomach of
adult individuals of Aristeus antennais
stained with Alizarin Red (A-B; macro-
scopic view). A) Lateral view of the sto-
mach. CC = cardiac chamber; GM = gastric
mill; PC = pyloric chamber. B) Ventral view
of the gastric mill opened up. Caleified
siruelures  {lhe chitinous  leeth) appear
stained in bright pink. Black arrows indicate
median and lateral tooth. (For interpreta-
tion of the references to color in this figure
legend, the reader is referred to the web
version of this article.)

Table 2

Occurrence of microplastics (MP} in stomachs of Aristens antennatus (mean and
standard deviation) according to the distance to Barcelona city. Distance-based
classificatlon into three categories, distance 1 (d1; = 32.4 Nm), distance 2 (d2;
32.4 Nm) and distance 3 (d3; > 64.8 Nm). Sample size refers to the number of
hauls (and individuals) included in that distance category {see Details in
Table 1). Different superscript letters show marginally significant differences

(0.1 = p < 0.05) in spatial asscssment,
Distance to source dl 2 d3
Sample size 4 (46) 6 (58) 5 (44)
W, MP (isolated Mhers or 521 + 237° 939 + 167" 263 + 95"
fragments}
% MY (fibers tangled up in balls) 183 = 13.4%  10.2 = 127" 9.9 = 10.5°
% Tolal MP 704 + 363 341 + 168" 362 + 109"

3.2. Demiled anolysis of diet and biological condition

All individuals (29) examined in this subsample were adults with
lengths ranging between 31.5 and 37.6mm (CL). MP presence was
confirmed in eight stomachs (27.6%) and individuals were grouped
according to presence/absence of MPs, No differences were found be-
tween these groups for shrimp biological variables (CL and TW), con-
dition indices (K and 81} or stomach fullness (F) (p = 0.05) (Table 3).

The diet of A. anternaiis consisted of 33 items that belonged mainly
to polychaetes, small crustaceans (e.g. decapods, amphipods or eu-
phasiids), fish remains and mollusks (bivalves and gastropods). Each
item was classified into the following ecological categories: plankton,
hyperbenthos, epibenthos or endobenthos (Lable 4).

Permutational multivariate analysis (PERMANOVA) of the diet
composition showed marginal significant differences among those in-
dividuals with plastics and thosc without (Pscudo-F; z4 = 1.5688,
Ptperm} = 0.0678; 9910 unique permutations). No differences were ob-
served in diet diversity indexes (H” and J; p = 0.05). The similarity
percentage analysis (SIMPER) showed that the taxa that contributed the
most (between 5 and 10%, cumulative contribution 32,93%) to dis-
similarity among MP presence groups were Alcyopidae, Natatolana

Table 3

Mean values and standard deviations of shrimp's biclogical variables and
trophic indices. CL: cephalothorax length; TW: total weight; K: condition factor;
HSI: hepatosomatic index; F: fullness index; MSR: Mean species richness; H?
Shanmon's diversity index; J*t Plelou’s eveness index.

Absence of MP Presence of MP

CL {mm) 33.80 + 1.51 33.93 + 0.71
TW (g) 1418 + 2.05 14.29 = 1.58
K 0.036 = 0.004 0.036 = 0.003
HSI 6.88 £ 144 578 = 191
T 0.68 £ 032 048 £ 0.25
MSR 7.52 + 016 8.38 + 277
H’ 0.73 £ 016 075 £ 0.09
J7 1.42 + 059 1.58 + 0.37
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Classification of diet irems identified into ecological categories according to their position in relation to the sea botrom. Total number of taxonomic items identified is

stated along with detailed references of the items included in each category.

Ecological category n" taxa Description of taxonomic items included
Flankton 8 Siphonaphores (Chelophves appendicilma), polychaectes (Aleyopidac), cophasiids (Meganyetiphanes norvegica and Nemataseelis megalops), decapod
crustaceans (Sergestidae and larvae), hyperiid amphipods and myctophid fish.
Hyperbenthos 4 Pulychaetes (Polynoidae), (decapods {Aristeus antermatus and Plesionika maortia)) and mysics (Boreomysis arctica).
Fpibenthos 12 Gammarid amphipods (Brugelia typico, Horpinia spp., Rhachotrapis caece, Tysianassidae and Qedicerolidae), isopods (Furydice sp., Nasatolarea
borealis), gastropods (Pteropoda: sedimented shells), caudofoveats, holothurolds and fish remains.
Lindobenthos ] Polychactes (Glycera spp. and Lunicidac), mollusks (bivalves Abra longicallis, 'laxodonta), decapods (Calecaris macandreae), cumaccans {Leucor
longirustris), henthic ostracods, sipunculans and foraminiferans.
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Fig. 4. Applicalion of principal coordinates analysis (PCoA) Lo arrange shrimp individuals based on their diel composilion according Lo relalive biomass (RB} of each
ecological calegory {plankion, hyperbenthos, epibenthos and endobenthos) using the combination of first and second componenls (A) and first and third components
(B). Bray-Curtis similarity was used to calculate distances among all individuals. Lines represent the correlation (Pearson's correlation) berween each variable and the
EC axis. The outer circle represents a correlation = 1. Samples are represented as either filled points (individuals with microplastics) and un-filled points (individuals

withour microplastics).

borealis, Calocaris macandreae, Rhachotropis caeca and Lysianiassidae.

Multivariate analysis of the ecological composition of diet showed
significant differences between MP presence groups only for relative
diversity (Pseudo-Fy 55 = 3.8188; ppemy = 0.0194; 9940 unique
perm.). PCoA results coupled with Pearson's correlation showed a trend
towards shrimps with MP having a higher contribution of endobenthos
to diet while shrimps without plastics were more related with hy-
perbenthic (swimming henthos) diversity. Similar trends were observed
for relative biomass (Fig.4).

‘These results were further supported by univariate analysis for each
ecological category at a time. Relative biomass and relative diversity of
endobenthos was higher in shrimps with MP in their stomachs in
comparisen  with these without (Fy3; = 6.164; p = 0.0195 and
Fyi27 = 4.262; p = 0.0487, respeciively) while contribution of hy-
perbenthos te diet in terms of total and relative biomass was higher in
shrimps without MP (W = 121.5; p = 0.04785) (Fig. h).

3.3. Characterization of microplastics

A total of 13 potential plastic items were visually sorted from the
stomach content of the individuals used for stomach's morphology
characterization, All items found, except for one film-like particle, were
fibers. Fibers varied in size with length ranging between 1.9 and
26.7 mm (median 6.6 mm) and width ranging from 0.012 to 0.032.
Fibers from five different colors (transparent, black, blue, green and
red) were found, without a clear preference for color. Seven items were
successfully analyzed with FTIR (53.8% hit-rate) and identified as three
different polymer types: polyethylene terephthalate (polyester)
(57.1%), nylon/polvamide (28.6%) and rayon/viscose (14.3%).
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4. Discussion

This is the first assessment of MP presence in stomachs of a
Mediterranean deep-sea decapod crustacean, in this case a species of
high commercial interest such as Aristens antennatus. In addition, MP
occurrence along a spatial gradient from Barcelona metropolitan area in
the NW Mediterranean Sea is analyzed. Moreover, the effect of MP
occurrence in stomachs on the condition, trophic indices and diet
composition of shrimps is explored.

Our results successfully demonstrate that MP commonly occur in-
side the stomachs of A. antennatus even in deep areas free of trawling
aetivity (= 1000 m), ingesticn during natural feeding being the most
likely route of entry. Several studies have cenlirmed the occurrence of
MP inside the digestive tract of other deep-dwelling species in the
Mediterranean Sea, such as Pagellus bogaravee (Anastascpoulou et al.,
2013) eor Galeus melastornus  (Alomar  and  Devdere, 2017,
Anastasopoulou et al., 2013). In fact, ingestion of anthropogenic debris,
cven though at low values of occurrence, has been confirmed in several
specics, including six teleosteans and three sharks, e.g. the own Galeus
melastomus, retrieved from close or even the same samplings performed
in this study (Cartes et al., 2016). In the case of A. antennaius, MP in-
gestion seems a rather commeon phenomenon as it was reported from
nearly all sampling peints. However, overall, fewer than half of the
individuals examined had MPs inside their stomachs. This percentage
falls far below the 83% of individuals affected in another crustacean
decapod, the Norway lobster Nephrops norvegicus, in the Clvde Sea
(Murray and Cowie, 2011) and would be on the same order as those
reported for benthic invertebrates (48% across all species analyzed)
(Courtene-Jones et al., 2017) or for demersal and pelagic fishes (about
40%) (Lusher et al., 2013). Comparisons between MP incidence studies
is tricky given the great variety of methodologies followed and the
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Fig, 5. Moan values and standard deviations for total biomass (A), relative
biomass (B) and relative diversity (C} accarding to ecological category in which
diet items were classified and grouped by the microplastic presence/absence
factor. * Indicates significant differences (p < 0.05).

-

possible effect of airborne contaminaticn (Hermsen et al., 2017). In our
case, MPs found were always embedded in the alimentary bolus of
shrimps and, the occurrence of balls (not a possible effect of airborne
contamination} and isolated fibers were significantly correlated
(p < 0.001), suggesting that isolated fibers, as happens with balls,
were found in stomachs following ingestion. Finally, some fibers col-
lected from stomachs presented, under the scanning microscope (SEM),
attached remains that marked a Ca peak in elemental analysis (author's
unpublished). This Ca peak is attributable to remains of the abundant
caleified prey (e.g. [oraminiferans, crustaceans or bivalves) conswmed
by A. antennatus (Cartes, 1994; Cartes et al., 2008).

Great values of MP ingestion in the vicinity of Barcelona me-
tropolitan area give only partial support of our hypothesis that it acts as
the main source of MP pollution, since there was not a clear decreasing
trend in the outcrmost arca. Closest arcas, duc to their proximity, might
be highly influenced by land-based sources of MP pollution such as
sewage. Current wastewater treatment plants (WTP) are neither effi-
cient nor capable of removing the large amount of synthetic microfihers
present in residual waters (Murphy et al., 2016). These fibers, that most
likely come from domestic washing (a single garment can shed up to
1900 fibers every time it is washed), go through the WTP and ulti-
mately reach the sea (Browne ct al., 2011; Cesa et al., 2017; Woedall
et al., 2014). On the other hand, presence of microplastic pollution in
distant areas could be related to other non-foreseen land-based sources
located in along the Catalan coast or in the BRalearic Tslands, to great
dissemination rates of MP pollution from coastlines or to the con-
tribution of marine-based sources, like commercial fisheries. In fact,
deep-bottom trawling fisheries, that have waditionally targeted fishing
grounds located near the port of Barcelona (Sardi et a1, 1997), might
contribute to MP pellution in both close and far areas. Bottom-trawlers
can remobilize litter deposited on the seafloor and ease its movement to
greater depths (Puig et al,, 2012) while lost or damaged fishing gears
and nets can act as potential microplastic sources (GESAMP, 2015). The
composition of polvmers identified from a small subsample of close-to-
Barcelona individuals do not help elucidate which are the most im-
portant sources. For instance, polyamide (nylon) and polyethvlene
terephthalate (polyester) are widely used in both textile industry (land-
based sowrce) and fishing gears (marine-based source) (Wright et al.,
2013b). Only in the case of rayon, land-based sources can be clearly
pointed out. This man-made semi-synthetic material, also known as
viscose or modal, is widely used in hygiene products, cleaning utensils
and clothing (Lusher ct al., 2013). Similar composition of pelymers has
been found in surveys conducted in the Atlantic and Mediterrancan
oceans (Kanhai et al.,, 2017; Lusher et al., 2013; Weodall et al., 2014)
with similar potential sources being identified. Overall, there are still
many gaps in the knowledge of plastic abundance and distribution as
well as the local or regional impartance of land- and marine-hased
sources, and correlations with densely populated or industrialized areas
may net be as predictable or as simple beeause of complex transport
mechanisms (Law and Thompson, 2014). In particular, the hydro-
dynamic conditicns of areas like the Balearic Basin, with a dense system
of canyons close to the shoreline and frequent dense water shelf cas-
cading effects, might enhance the interception and transport of great
amounts of plastic debris to the close deep areas (d1) (lubau et al.,
2015). Bathyal sediments in the Balearic Basin are mud and similar
content of total organic matter [ > 12% TOM) even at highest depths (to
2000m, Cartes et al., 2002; Tanelli et al., 2012) may indicate high
sediment deposition along all the slope. At greater depths, resuspension
of deposited sediments by bottom currents (Puig et al., 2012) reported
within the Western Mediterranean Deep Water (WMDW) mass could
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contribute to an homogeneous dispersion of microplastics over all the
Balearic Basin (d2 = d3). At the same time, it should be taken into
account that differences in diet between mainland and insular popu-
lations of shrimps (i.e. higher contribution of zooplankton in A. an-
tennatus diet close to the Balearic Islands) or in relation to depth
(Cartes, 1994; Cartes et al,, 2008) might also play a key rcle in plastic
ingestion and thus interfere in the correlation between MP ingestion
'dl']d MP oceurrence in thE environmernt.

Aristeus artennatus has a great ability to root in mud and preys
mostly on endobenthic and epibenthic invertebrates (Cartes, 1998,
1994). This close relationship with the substrare might favors a great
exposure to MPs accumulated in the seabed (Van Cauwenberghe et al.,
2015) that would be accidentally ingested during shrimp's normal
feeding activity {Lusher et al., 2013). For example, some species of
pelagic and demersal fishes such as Sarding pilchardus or Platichthys
flesis with filter-feeding strategics have been ebserved to passively in-
gest MPs while filtering great volumes of water or mud, respectively, in
search of prey items (Collard et al., 2017; Rummel et al., 2016). Murray
and Cowie (2011) proposed a similar hypothesis in the case of the
Norway lobster, Nephrops norvegicus, not heing able to discriminate
between plastic fibers and food and ingesting them by accident. As a
crustaccan with well-developed sight sense, it is also possible that A.
antennatus actively preys upon MP fibers (as balls) because they can be
similar in size to small polychaetes, an important diet prey of A: an-
tennatus (Cartes, 1994; Cartes and Sarda, 1989). Resemblance between
plastics and prey has been highlighted in the case of Decapierus mur-
oadsi ingesting blue plastic particles resembling its blue copepad
common prey or in Scomber scombris eating red plastic fibers resem-
bling juvenile Syngnathidae (Ory et al., 2017; Rummel et al., 2016),
both rather visual predators. In these cases, selective does not prevent
plastic ingestion — quite the contrary — plastic items might be ingested
as well as they are not differentiated from natural prey (Wright er al.,
2013b). Another possible route of entry might be trophic transfer, as
proposed by Eriksson znd Burton (2002) for the plastic particles found
in fur seals, prabably acquired through their fish prey. In this same way,
observation in some stomachs of MP fibers deeply embedded in un-
digested tissucs might indicale that our deep-sea shrimps could ingest
MP fibers attached to detritic tubes of pelychaetes (also often found in
A. antennatus stomachs; Cartes, 1994). Trophic transfer has only been
confirmed for micro-sized plastics (L5 pum) in experimental studies
conducted with Mytilus edufis and Carcinus maenas (Farrell and Nelson,
2013). No studies of MP ingestion have targeted prey species of A.
antennatus in the Mediterrancan Sea to date, but it has been reported for
several invertebrate species in other arcas (Browne ot al, 2008;
Courtene-Jones et al, 2017; Graham and Thompson, 2009; Wright
et al., 2013a} and therefore it seems likely to occur also in prey species
(e.g. polychaetes) of A, anfennatus.

‘The vast majority of MP found were fibers, with the nearly absence
of other shapes. Given that both fibers and fragments are expected to be
present in the environment, as reported in sediments near the Balearie
Islands (Alomar ct al., 2016), this bias might more likely refleet that
fibers are more easily ingested and retained inside shrimp’s stomach
(Welden and Cowie, 2016a). Furthermore, as mentioned before, iso-
lated MP fibers might he attached to prey species of A. antennatus such
as polychaetes and active feeding might play a role in increasing their
ingestion. Once inside the stomach, MP fibers may be retsined due to
stomach's merphology and the formation of balls (Welden and Cowic,
2016&Db), probably on account of the numerous protruding and serrated
chitinous pieces observed. The complexity of the digestive system of A.
antennatus, here depicted for the first time, may hinder the transit of
fibers through the digestive system, as they would have to be orientated
straight to end te pass through the gastric mill (Murray and Cowie,
2011}. In fact, loss of plastics may only oceur in rare occasions, in larger
individuals that may have proporticnally more space in the gastric mill
for plastics to pass through, or via moulting (Welden and Cowie,
2016D). During moult, the entire foregut lining, including the gastric

50

30

Marine Pollution Bulletin 133 (2018) 44-52

mill, is shed and, therefore, it might act as a primary route for plastic
loss. Moult in A. antennatus occurs, depending on the reproductive
cycle, every few months (at least 2-3) {(Demestre, 1995). Mereover,
during the digestion process the gastric mill grinds the foed particles
(McGaw and Curtis, 2013; Patwardhan, 1935) yet, when facing strands
of plastic material, the cut-and-grinding movements performed, in ad-
dition to the morphology of the teeth itself, might tangle fibers up into
balls rather than breaking them down. Welden and Cowie (2016a)
confirmed in experimental studies that plastic balls were formed in N.
norvegicis fed on single plastic strands (Welden and Cowie, 2016a). The
formation of balls increases overall size of plastic debris, hindering their
excretion and increasing time of residence, which ultimately increases
the likelihood of negative effects upon shrimp's condition {Welden and
Cowie, 20116a).

Dietary composition of Aristeus antennates matched with that re-
ported in precedent studies (Cartes, 1994). Differences observed in dict
composition might be related to natural differences on feeding habits of
A. antennatus individuals rather than a change on diet behavior because
of MP ingestion. Alsc, differences according to size or sex can be dis-
carded as the individuals selected were from similar trawls and biolo-
gical characteristics. Individuals with a higher preference for en-
dobenthic organisms would have becen more exposed to MP
accumulated in the upper (surface and subsurface} layers of scdiment
and would have incorporated more fibers through their normal feeding
activity. This is supported by the composition of the diet in terms of
taxa, with exclusive presence of planktonic and hyperbenthic preys in
individuals without MP fibers (e.g. Chelophyes gppendiculata or Bor-
eomysis arctica); and biomass, with higher contributions of endobenthie
preys such as Calocaris macendreae in shrimps with MP fibers. These
results are in accordance with the work of Peters ot al. (2017) who also
found a close relation between the ingestion of benthic items (sand and
mollusks) and the presence of microplastics in the fish Orthoprists
chrysoptera.

Presence of MP has heen related to several negative effects including
starvation and intestinal blockages that ean lead to the depletion of
energy stores and reduced body condition due to their low or null nu-
tritional value (Welden and Cowie, 2016a; Wright el al., 2013b). These
effects seem particularly plausible in the case of MP balls getting stuck
and interfering totally or partially in the gastric mill's functioning of A.
antennatus, especially in view of the size ohserved in some cases
(= 5 mm}. Aristeus antennatus has a relatively high food consumption
(daily ration) with a rather fast evacuation rate of food (R = 0.179h %
(Maynou and Cartes, 1997), i.c. ca. 90% of food can be digested in ca.
5h. In parallel, it has a rclatively leng moult ime above indicated.
Therefore, balls could persist enough in guts to generate a negative
effect on shrimps’ condition. Despite of that, no differences in trophic
indices, including stomach fullness, or ultimately shrimp's condition
were identified.

5. Conclusions

Microplastics, especially fibers, must be ingested during normal
feeding activity of A. antennatus and possibly retained inside the foregut
for long periods. Even though no clear effects upon condition ar diet
were observed, the great knowledge about diet, reproduction, mor-
phelogy and spatial dynamics of this ecologically and commercially key
species offers a great opportunity to assess how marine debris interferes
with this species and even use it with monitoring purposes for deep-sea
pollution, There are still many questions that remain unselved and
more research is needed in order to fill the gaps in the knowledge of
microplastic distribution in the deep sea of the NW Mediterranean Sea,
the routes and drivers that influence their ingestion in decapod crus-
taceans and, last but not least, what is their impact on feeding and
health condition of deep-water species like Aristeits antennatis.
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Marine litter is one of the most concerning threats for marine wildlife especially regarding plastics and
their micro-sized forms, widely known as microplastics. The present study evaluates mesoscale spatial
{230 km, Catalan coast) and temporal (2007 vs 2(017—-2018, Barcelona area) differences on the ingestion
of anthropogenic fibers in the deep-sea shrimp Aristeus antennatus in the NW Mediterranean Sea and its
relation with shrimp’s health condition. Synthetic fibers with lengths ranging between 0.16 and 37.9 mm
were found in both stormach (where sometimes they were tangled up in balls) and intestine contents,
The percentage of fiber accurrence was »65% at each sampling point. Tangled balls of fibers observed in
stomach contents exhibited a wide range of sizes {up to a diameter of 1 ¢cm) and were usually composed
of fibers of different polymers, sizes and colours, Differences between locations (2018) were found, with
greater fiber loads towards the south during spring and a great variability in summer, as shrimps caught
off Barcelona showed a nearly thirty-times higher fiber load compared to shrimps from other localities.
Highest concentrations were more likely to be related to major sources of fibers and currents in the area.
Fiber load in shrimps from 2007 was comparable to that of shrimps captured in 2017 and 2018 (spring)
yet a shift in the proportion of acrylic and polyester polymers was detected. No consistent effect on
shrimp's health condition was found, with only a significant negative correlation found between
gonadosomatic index and fibers for those shrimps with the highest values of fiber load (caught off
Barcelona, summer 2018). Qur findings contribute to the knowledge an plastic pollution for the NW
Mediterranean Sea and highlight the potential use of this species as a sentinel species for plastic fiber
contamination.
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Plastic pollution
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1. Introduction

Marine debris in particular plastic as the most common litter
type has been identified as one of the major threats for marine
ecosystems (UNEP, 2009). Jambeck et al. (2015) estimated that
between 4.8 and 12.7 million metric tons (Mt) were entering the
ocean in 2010 and more recently, Geyer et al. (2017) highlighted
that if current production and waste management trends were to
continue, up to 12,000 Mt could end up in the environment by
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2050. The first synthetic plastic produced, Bakelite, only dates back
to the 1950s, which means that plastic production and pollution
have had unprecedented growth. Microplastics (plastic items
<1 mm, Hartmann et al,, 2019) have already been found in aquatic
environments all around the world, from remote areas as the
Antarctic system (Waller et al., 2017) or the Maldives Islands (Imhef
et al., 2017) to coastal shallow areas close to urbanization {Alomar
et al,, 2016). Likewise, microplastic ingestion seems a widespread
phenomenon and to date over 220 different marine species have
been found to consume microplastics in the environment (Lusher
et al., 2017).

The ubiquity of microplastics has raised awareness in all com-
munities leading to an exponential increase in the number of
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studies fecusing on this topic during the last decades (Lusher et al.,
2017). However, the lack of standardized methods has led to hardly
comparable results with even some inconsistencies in terminology
[Hartrmann et al, 2019). Many experimental studies have also
attempted to assess the potential impact of microplastics on the
health of organisms but consistent results are yet to be found since
both negative and neutral responses on feeding, growth, repro-
duction and survival have been observed (Foley et al., 2018).
Mareover, other fibers with anthropogenic origin such as rayon/
viscose, essentially made of regenerated cellulase, or dyed cotton
fibers, even though being made of naturally occurring polymers
(e.g. cellulose) may also raise environmental concerns like their
synthetic (i.e. plastic) counterparts (Ladewig ef al., 2015). In order
to allow for a correct assessment of hazards and risks pesed by
microplastics (and other anthropogenic particles), both experi-
mental and field studies are needed, Even though we now have a
great list of organisms for which plastic ingestion has been re-
ported, studies focusing on understanding trends on release,
transport and fate or on the factors related to microplastic ingestion
are still scarce (Beer et al., 2013). Not to menticn the importance of
assessing whether plastic ingestion is increasing over time
following the trends on global plastic production in order to better
assess and torecast their potential impact (Beer et al,, 2018), So far,
only a couple of studies have addressed long-term trends in plastic
ingestion in the Baltic and Atlantic Sea (Beer et al., 2018; Courtene-
Jones et al., 2019).

The Mediterranean Sea has been described as one of the areas
that is most polluted by plastics worldwide (Carcia-Rivera et al.,
2018; UNEP/MAP, 2015), High values of micreplastic occurrence
might be linked te the intense anthrepogenic activity alongside the
hydrodynamics of an enclosed basin. The great industrial activity
ancl highly developed tourismm, together with important fisheries
and densely populated coastal segments might account for a great
input of marine litter {Eriksen et al,, 2014; Ramirez-Llodra et al.,
2013). In the NW Mediterranean area, microplastic presence has
been reported in surface waters (de Haan et al,, 2019; Ruiz-Orejon
et al., 2016; Schmidt et al., 2018), beaches (Constant et al.,, 2019),
sediments (Sanchez-Vidal et al., 2018; Woodall et al., 2014) and
several organisms, mainly coastal fish (Alomar and Deuclero, 2017;
Bellas et al., 2016; Collignon et al., 2012; Compa et al., 2018) but also
in the deep-sea shrimp Aristeus antennatus (Carreras-Colom et al,,
2018). In the latter, microplastic fibers might be retained for
longer times compared to other organisms due to the presence of
the gastric mill, a commaon food-grinding structure in decapods,
which could hinder passage to the intestine (Watts et al., 2015;
Welden and Cowie, 2016a, 2016b). Its action is also thought to
faveur the formation of tangled up balls of fibers with the corre-
sponding increase in size and posing a major threat for health
(Murray and Cowie, 2011).

Aristeus antennatus is an econemically and ecologically impor-
tant species in the deep-sea ecosystemn whose biology, including
reproduction, diet, population dynamics and most rtecently,
microplastic ingestion, have been studied (Carbonell et al, 2006;
Carreras-Colom et al, 2018; Cartes, 1994; Cartes et al, 2018;
Demestre, 1995). After a first analysis focused on describing
micraplastic occurrence in stomachs from A. antennatus collected
in 2010-2011 (Carreras-Colom et al,, 2018), the analysis of in-
dividuals from 2007 from a previous project (BIOMARE) together
with new material obtained in 2017—2018, pose a perfect oppor-
tunity to test whether the increase in plastic production is some-
how reflected in the level of plastic ingestion in A. antennatus in
these two time-points. This study analyses the occurrence, size and
composition of anthropogenic fibers in the digestive tract of red
shrimp (Aristeus antennatus) individuals from different years and

locations along the Catalan coast (NW MWediterranean Sca}. The
main aims are: (1) to assess current (2018) spatial trends in fiber
ingestion along the Catalan slope at a mid-scale distance (ea.
230 km), (2) to determine whether current levels of fiber ingestion
[2017-2018) differ from those of 10 years ago in shrimps from an
area with high anthropogenic pressure {off Barcelena), (3) to relate
fiber ingestion to anthropogenic, environmental and biological
factors, and (4) to assess the potential impact of fibers on shrimp’s
health condition.

2. Materials and methods
2.1. Study area and data collection

Shrimps were collected from three sites along the continental
slope of the Catalan coast [NW Mediterranean Sea) from north to
south: off Costa Brava, off Barcelona, and off the Ebro Delta. The
sampling locations were selected in order (o represent areas of
different characteristics and levels of anthropogenic impact. The
Costa Brava area, selected as the allegedly less impacted area given
its less industrial activity and its location, the northern-most
location in an area where southwards currents dominate. It is
also characterized by the greatest seasonal shift in human popu-
lation density (increase of about 19% in summer compared to
spring) and is under the influence of the Tordera River (54 km
length; 9.0 hm® y~'). The Barcelona area, suspected as the most
impacted area given the previously reported values of fiber inges-
tion there (Carreras-Colom et al., 2018), is close to the largest and
most dense urban and industrial areas along the shore and is
subject to the influence of the Besos (58 km length, 98.6 hm® y "}
and Llobregat (173 km length, 302.3 hm® y !) rivers. The area off
the Ebro Delta, whilst near a less densely populated area, is under
the influence of the Ebro River’s discharge (9281.0 hm? y~1), which
is strongly affected by human activities, especially agriculture but
also industry along its catchment area (85,569 km?2),

Sampling was performed in spring and summer of 2007 {in
Barcelona), 2017 (in Barcelona and only spring) and 2018 (all lo-
cations and both seasons) within the framework of the research
projects BIDMARE (Spanish Ministry of Science and Innovation}
and SOMPESCA (Department of Agriculture, Livestock, Fisheries
and Food, Catalonia, Spain} on board of commercial fishing vessels
operating at depths ranging between 396 and 791 m (see Table 1
for details). All individuals (n = 201, Table 1) were immediately
fixed in Davidson's AFA for 48—56G h and then preserved in ethanol
70%. Dissection was performed in a safety laminar flow cabinet and
the digestive system (stomach and intestine) was removed and
screened for the presence of anthropogenic particles using a

Table 1

Sampling data lor Avistens enlenmatus, Loc: locality, BC®: off Barcelona city just in
front of the Besds River, BC': off Barcelona city just south of the Llobregar Kiver, CB:
off costa Brava, ED: off Ebro Delta. Season. sp: spring; su: summer. 7: number of
individuals; CL; cephalothorax length,

Code  Coordinates Loc  Season  Year  Depth  x €L {mm}

B2B 4115 N; 240E  BCP sp 2007 7H0 16 35.0-474
B3B 4115 N; 240E  BC® s 2007 790 31 22.9-46.6
BV A107N; 222 F BC' su 2007 7N 20 225-447
POB 4118 N; 238 BCY  sp 2017 785 25 33.8-425
PIG 4139N:325E B sp 2018 G641 22 26.8-31.2
PIV  41.04N;205FE BC"  sp 2018 759 23 26.8-35.6
P1D 40153 N: 1.23E  ED Sp 2018 551 9 33.4-373
P2G 4147 N: 281 E (B su 2018 386 200 258-31%
2y ALIIN; 194E  BCY su 2018 572 18 31.1-383
P20 4023 N; 1.32F  ER su 2018 425 17 32.1-407
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stereomicroscope. For each individual, total body weight (Tew;
eviscerated — without stomach, gonad and hepatopancreas — and
without appendices), cephalothorax length (CL), and hepatopan-
creas {(digestive gland) (HeW) and gonad weight {GoW) were
recorded. Wet weight (0.1 mg) of stomach content (ScW) was also
recorded after plastic screening.

In order to prevent contamination, all material used (scissors,
tweezers and Petri dishes) was rinsed multiple times with filtered
water (50 pm metal sieve) and checked for contamination before
use, Cotton lab coat and nitrile gloves were worn at all times.
Mareover, an isclation device adapted from the one proposed by
Torre et al. (2016) was used to cover the stereomicroscope and work
area throughout the screening and characterization process. Pro-
cedural controls, that is open Petri dishes filled with filtered water,
were placed inside and outside of the isolation device during
digestive content screening in order to assess potential airborne
contamination. Only fiber shaped items were found in both con-
trols. Contamination found in the inside controls (average values of
0.25 fibers per digestive content screened) was four times less
abundant than contamination in outside controls, thus pointing out
the efficiency of our isolation device in reducing potential
contamination. Fibers found in inside controls were visually similar
to cellulosic fibers, yet they were short (<0,5 mm), clean and always
appeared on the surface of the water {pointing out that they were
deposited from air). Therefore, fibers from digestive contents were
only counted if they were clearly embedded in the digestive con-
tent andfor with detritus attached and never when floating cn the
surface. Because of that, no correction factor was applied to the
final values of fibers reported.

Environmental and anthropic variables related to plastic sources
or pathways intc the deep sea were collected afterwards including:
mean river [low (mean value of the water flow al the closest
gauging station to the river mouth possible, in m® s "), total
accumulated precipitation {precipitation accumulated over the last
3 menths at the nearest meteorological station, in mm), fishing
pressure {sum of power in kw of the fishing fleet estimated to be
operating in the area), population density (mean values of habi-
tants km 2 of the coastal area region) and land cover {urban area,
agricultural land and forests in percentage per region). Dala was
provided by Agéncia Catalana de l'Aigua (ACA, 2019), Con-
federacion Hidrogrdfica del Ebro (SAIH, 2019), Servei Meteorologic
de Catalunya (Meteocat, 2019), Departament d'Agricultura, Ram-
aderia, Pesca i Alimentacio (DARPA, 2019), and Institut d’Estadistica
de Catalunya ([DESCAT, 2019). The shortest distance ta the coastline
(in krm} was calculated for each sampling point using QGIS 3.0.3.

2.2. Characterization of anthropogenic particles

Anthropogenic particles were separated, counted and classified
into isolated fibers or ball-forming fibers. Only in one occasion an
anthropogenic particle other than a fiber or a ball of tangled fibers,
a film-like particle, was observed. Its colour and size (area) were
recorded but it was not included in further analysis. [solated fibers
were cleaned (organic material attached was removed carefully
with needles), mounted in distilled water and observed by light
microscopy, Total length and mean diameter {calculated cn three
random measures along the fiber) were measured, and fibers were
then classified into micro- (<1 mm), meso- (15 mm} or macro-
sized fibers (>5 mm) and their colour was recorded. Moreover, fi-
bers were classified into five categories according to visual aspects
such as diameter uniformity and cross-section, finishing, striations
and signs of wear and surface and backbone texture, following a
similar approach to that used in forensic sciences (Bell, 2006)
(Supplementary Material, Table S1).
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When balls occurred (aggregation of entangled fibers) images
were taken without untangling them or entirely removing organic
debris (only that loasely attached) in order to estimate the occu-
pying area (BA in mm?). Afterwards, balls were carefully unraveled
as much as possible and all newly separated fibers were measured
and characterized as stated abowve for originally isolated fibers
{except for the fact that diameter was only measured in 20
randomly selected fibers per ball, and that they were not classified
into micro-, meso- or macro-sized fibers). When complete isolation
was not possible, the remaining tangles were mounted and the
number of fibers, its composition {in proportions) and total length
were estimated. Balls were categorized intoc four categories ac-
cording to their morphology and size (in terms of the number of
fibers and sum of the length of all constituent fibers (TL)} (Table 2).
Finally, ball density {BD]) was estimated for each ball as BD — BA{ TL
in mm,

Images and measures were taken using a ProgResi C3
{JENOPTIK Optical Systems GmbH, Germany} coupled to a Leica
DM500B microscope. Up to seventeen colours were reported, but
given the low prevalence of some of them, they were grouped into
six categories (transparent, blue, red, other bright, other dark, and
black).

Fourier-Transformed Infrared Spectrometry (FTIR) was carried
out on a randomly selected subsample of 119 anthropogenic fibers
{2.9% of the total of fibers screened). This random selection was
weighted by the relative abundance of fibers in each sampling, thus
including at least a 4% of the fibers found at each sampling point
{except for one, where the abundance was over ten times higher
than in the rest). Spectra were recorded using a Tensor 27 FTIR
spectrometer (Bruker Optik GmbH, Germany} equipped with a
diamond attenuated total reflectance (ATR) unit (16 scans cm ',
800-3600 cm ). Resulting spectra were treated (baseline correc-
tions, peak normalization and selection of characteristic band
applied) with Spectragryph 1.2.11 (Menges, 2019) and compared
with reference spectra (custom-made library of common polymers,
Carreras-Colom et al., 2018). Successful identification was consid-
ered for similarity values above 70%. The percentage of polymers
identified for each category of fibers was calculated and used to
determine the polymer composition of the rest of the visually
sorted fibers (Supplementary Material, Table S1). Distinction be-
tween artificial (e.g. rayon) and natural {e.g. cotton) cellulosic fibers
was not possible. Fibers were classified into anthrepogenic fibers
{including hoth cellulosic and synthetic fibers} and synthetic fibers
{excluding cellulosic fibers),

2.3. Shrimp’s health condition

A portion of hepatopancreas and gonad, as well as a portion of

‘Table 2

Visual classification of halls (aggregation of tangled up fibers) based on three main
criteriaz morphology, number of constituent fibers and sum of the length of all
constituent fibers (TL)

“Iype Description Constituent TL

fibers (mm)
B 1 Very lvose ball. Sometimes aggregation depends <5 <50
strongly on attached organic matter. No core. Easy to
untangle.
R-T Medium-loese hall. Loose core, Can be casily 10-20 50
unraveled (sometimes only braided). —100
E-ll Tight ball. Not only braided but also with several 30-50 100
knots. One tight core. Ditficult to unravel. —200
B-1V Tight large ball. More than one tight cote or an =50 »200

extended one, with several complex knaots,
lmpossible to untangle completely without breaking
fibers,
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muscle of each individual (n = 201) and the stomach and intestine
walls from selected individuals (n = 21) with the greatest or the
lowest values of plastic pollution, were processed through routine
histologic techniques. Qualitative histological exarmination by light
microscopy was conducted for different organs (muscle, gills,
hepatopancreas, gonad and digestive tract — stomach and intes-
tine). Normal structures reported in other shrimp species were
used as a basis (Bell and Lightner, 1988}, Sexual maturity was also
determined according to Carbenell et al, (2006),

Shrimp's health condition was further assessed by relative
condition index (as Kn TeW/EW: 100, EW being the expected
weight estimated from a length-weight relationship considering all
data) (Le Cren, 1951}, hepatesomatic index (HSI =HeW/|TeW = 100)
and gonadosomatic index (GSI — GoW/TeW x 100). Feeding in-
tensity was measured through a fullness stomach index calculated
as follows F =ScW/TeW x 100, A second visually determined
fullness index was also assigned to each individual from 0% (empty
stomachs) to 100% (full stomachs) according to the volume of the
content.

2.4. Data anolysis

Fiber load was calculated for each individual and organ (stem-
achfintestine) in terms of total abundance (TA, as the sum of all
estimated fibers) and total length (TL, as the sum of the length of all
fibers) including all anthropogenic fibers. A corrected fiber load in
terms of total length including only synthetic {i.e. plastic) fibers
(TLs) was also calculated for each individual. Occurrence of fibers
(FO) and balls (BQ) was calculated for each sampling point as the
number of individuals with anthropogenic fibers or ballsftotal
number of individuals x 100.

Spatial, seasonal and temporal dillerences in the occurrence ol
fibers (FO} and balls {BO) were explored by means of Pearson’s Chi-
square tests followed by Fisher’s exact test for pairwise tests. Dif-
ferences in fiber load (in terms ¢f TA, TL, TLs) and ball size (in terms
of BA and BD) were analyzed using Kruskal-Wallis tests coupled
with Dunn's post-hoc tests (as data failed to meet normal variance
structure}. Similarly, spatial, seasonal and temporal (over a 10 year
period] dilferences in the composition of {ibers, in terms of organ
location, size category {for isolated fibers only), colour and polymer,
and ball type were explored through PERMANOVA analysis per-
formed in PRIMER PERMANOVA+6 {Anderson et al, 2008). Per-
mutation p-values were obtained under restricted permutation of
raw data (9999 permutations) performed on Bray-Curtis similarity
matrices derived from square-root transformed data. In all cases,
proportions [or each calegory were used instead of absolule values
of abundance or length. A similarity percentages analysis (SIMPER)
was carried out afterwards to identify the fiber-related variable that
contributed the most to the similarity/dissimilarity of samples.

Correlation amongst detailed descriptors of fiber load (fibers in
each location — stomach or intestine content — and according to
their size — micro-, meso- and macro-fibers —) with other biclog-
ical and environmental variables were explored through Cramer’'s
coefficient and Spearman’s correlaticn. Generalized linear models
(GLM} were used te evaluate how envirenmental, anthropic and
hiological variables were related to the occurrence of balls (BO;
considered more informative than fiber occurrence) and the total
abundance of fibers (TA} in shrimps. BO (as a binary presencef
absence variable) and TA individual data was related to location,
year, season, CL, K, HSL F, depth, distance to coastline, accumulated
precipitation, river discharge, population density, fishing pressure
and land cover. Following Burnham and Anderson (2002), the most
parsimonious models were selected using the lowest AIC (Akaike's
Information Criterion). Similarly, effect of the fiber lead on health
condition of shrimps was explored through GLM in which condition

indices (Kn, HSI, GSI — only for females —) were the respense var-
iables and fiber load (TA, TL, BA and BD) the explanatory variables.
Shrimp's size, stomach fullness and repletion index, sexual matu-
rity and environmental variables (year, season and locality) were
also included as explanatory variables to account for other sources
of variability. The best model was used to explore negative effects of
fiber load on condition indices. Models were fitted for each sam-
pling point separately when interactions between year, season or
locality were found.

Statistical analysis was carried out using R software, version
3.5.3 {R Foundation for Statistical Computing) (packages vegan,
dunn.test, Ime and MASS) if not indicated otherwise. Significance
levels were fixed at 0.05 for each statistical hypothesis testing.

3. Results

All individuals examined were adults, mostly sexually mature
females (stages [[I-IV in spring; stage [V-V in summer), with sizes
{CL) ranging between 22.46 and 47.43 mm. From the total of 201
individuals of Aristeus antennatus screened, 151 (75.12%) were
observed to contain at least one plastic fiber and 44 (21.9%) had
tangled balls of fibers in the stomach. Only once was a ball (5 fibers)
found in the intestine Overall, more than 65% of shrimps from each
sampling point had fibers of some sort {isolated or tangled, in
stomach or intestine contents) (Fig. 1 and Supplementary Material,
Table 52 and Table S3) and only one shrimp had a film-like blue
particle (ca. 1.2 mm?®) in the stomach. Fibers found exhibited a great
range of lengths (from 0.16 to 37.9 mum), widths (from 0.006 to
0.168 mm), celours (up to seventeen) and polymer types, including
pelyester (49.7%), acrylic (27.5%), polyamide (12.4%), pelypropylene
{8.6%) and cellulosic (1.8%) fibers. It should be noted that cellulosic
[ibers counted in digestive contents dilfered [rom those of inside
controls [(airborne contamination) in that they were longer
(average values of 3 mm per fiber compared to fibers of <0.5 mmin
controls), were observed embedded in digestive content andjor
with detritus attached to their surface, and were sometimes
unraveled from tangled balls of fibers (clearly not airborne
contamination).

Fibers were more common and abundant in stomach contents
(FO =78.1%; TL = 114.23 mm/individual) than in intestine contents
(FO — 44.3%; 462 mm/individual). Even though there was a posi-
tive significant correlation between fiber load in stomach and in-
testine contents (p = 0.283 and p = 0.230 for TA and TL
respectively), fibers found in the stomach accounted for »94% of all
fibers identified. Almost all isolated fibers encountered measured
=1 mm (96.7%) wilth meso-sized fibers (1-5 mm)} being Lhe most
abundant size class in both stomach and intestine contents (55.4%
and 73.8% respectively). Macro-sized fibers (=5 mm) were the
second most abundant size class representing 42.0% of the isclated
fibers in stomachs and 21.0% in intestines,

3.1. Differences in fiber ingestion between locations, years ard
seasons

With regards samples collected in 2018, both spatial and sea-
sonal differences were found {insct. Fig. 1, Supplementary Material,
‘Table §2), During spring there was a trend towards a greater load of
fibers to the south, especially in the fenm of stranded fibers, with
the highest values of ball occurrence, area and density in the Ebro
Delta area (BO: x* — 16.939, p — 0.0002; BA: X* — 14.582,
p = 0.0007: BD: X% = 16.78, p = 0.0002). On the other hand, fiber
load in summer was higher in shrimps off Barcelona compared to
the other localities in terms of TA (X2 = 27.274, p < 0.001), TL
(x% = 29.095, p < 0.001) and TLs (X* = 29.567, p < 0.0D1) {inset
Fig. 1.). Ball occurrence and size was also higher off Barcelona (BO,
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Fig. 1. Map of the study arca showing the occurrence of fibers and balls and the mean tatal length of fibers {T1L) per individual in Aristeus antennatus captured along the Catalan coast
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X2 =11.585, p = 0.003; BA, X2 = 28.358, p < 0.001; BD, X2 = 14.707,
p = 00006}, and there was a greater occurrence of complex balls
(B-IV, x? = 18.462, p = 0.0052; Fig. 2.). Shrimps from this sampling
station (off Barcelona city just south of the Llobregat River, P2V)
showed the highest fiber loads throughout the study with mean
values of fiber load per individual ten times higher than shrimps
from other locations or periods (inset Fig. 1, Supplementary Mate-
rial, Table 52), A total of 16,5 lineal meters of fibers (mean diameter
0,025 muim) were recovered from 18 individuals and the maximum
load of fibers found in a single shrimp was 2.35 m {of which at least
98% was plastic).

Shrimps from Barcelona in 2018 also showed the greatest sea-
sonal (spring vs summer) shift in fiber load (over twenty times
higher values of TA and TL, and balls twice as frequent and dense),
whereas in Costa Brava and the Ebro Delta areas, only minor dif-
ferences between seasons were found: a significant decrease in TA
and TL of fibers in intestine contents (Costa Brava: TA, X2 — 10.436,
p — 0.0012; TL, x? _ 9.0985, p — 0.0025; Ebro Delta: TA,
X% = 6.7036, p = 0.0096; TL, x* = 3.5061, p = 0.061; inset Fig. 1.,
Supplementary Material, Table 52) and an increase in BO (only in
Costa Brava, Fisher's exact test, p = 0.018), It should be noted that
only one shrimp from spring samplings in Costa Brava had a ball of
fibers in the stomach, the lowest percentage of BO throughout the
study.

In terms of fiber characterization, differences in polymer, colour
and size composition were found between locations in 2018. In
spring, shrimps from Costa Brava showed a different polymer
compesition compared to the rest of localities (p = 0.0125, 9947
unique perms} with a higher proportion of cellulosic fibers. In
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summer, shrimps from Barcelona presented a more marked
dominance of PET and acrylic fibers (Fig. 3), With regards colour,
differences were only found between the Costa Brava and Barce-
lona areas (spring: p — 0.0021, 9948 unique perm.; summer:
= 0.0024, 9948 unique perm.) with a larger proportion of col-
oured fibers in Barcelona. The mean proportion of each colour
category was between 4 and 8%, except for transparent and trans-
lucent fibers accounting for nearly 60%, whereas in Costa Brava
transparent alengside black (spring) and blue (summer) were the
dominant colours {Fig. 4). Finally, differences in size composition
were only found between Barcelona and the Ebro Delta areas in
spring (p = 0.046, 9959 unique perms) and between seasons for
both shrimps from the Ebro Delta (p — 0.0474, 2645 unique perms)
and the Costa Brava (p = 0.0096, 979 unique perims) with a sig-
nificant increase in the proportion of >5 mm fibers in summer,
Analyses on shrimps from different years {2007, 2017 and 2018}
showed a great difference between sumimer sarmples from 2018 and
the others, with values of fiber load (TA and TL) in 2018 nearly thirty
tirnes the values from summer 2007 (Fig. 5, Supplementary Mate-
rial, Table $3; TA: X — 22.003, p < 0.001; TL, x? — 21928,
# = 0.001), On the other hand, shrimps sampled in 2017 {(spring}
showed lower values of fiber load compared to either 2007 (TL
Xx?=6.6151,p=0.01)and 2018 (TL ¥? =4.7172, p = 0.03) samplings
{Fig. 5, Supplementary Material, Table 53}, yet values were in the
same order of magnitude. The seasonal trend observed in 2018
{ten-fold increase in summer compared to spring) was not
observed in 2007. No significant differences in isolated fiber's size
or fiber colour composition were found between past (2007) and
present (2017, 2018) years, either. Only a significant change in the
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significant shift in the proportion of acrylic and PET fibers (Fig. G).

3.2. Factors related to fiber Ioad in Aristeus antennatus

All total fiber load descriptors (TA, TL, BA and BD) were highly
correlated (p > 0.8). Spearman’s correlation coefficient decreased
when the location (intestine or stomach; p < 0.3) and size (<1, 1-5
and =5 mm) of fibers encountered was considered {p < 0.33). Size of
balls (in terms of BA, BD and TL of tangled up fibers) was positively
correlated with the abundance of meso- (1-5 mm; p = 0.256) and
macro-sized (»5 mm; p = 0.269) isolated fibers in the stomach. The
abundance of stormach fibers (sizes 1-5 and >5 mm} was weakly
{p=0.210and p = 0.187, respectively) but significantly correlated to
stomach fullness. No other significant correlations with shrimp
size, fullness or condition indices were found.

17.0
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3.7

49.1
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Fig. 3, Polymer compaesition of fibers recovered from Aristens anrennatus sampled along the Catalan coast (off Costa Brava (CR), off Rarcelona city {BC) and off the Fbro Delra (ED))in
spring (top line) and summer {bottom line) in 2018. PA — polyamide; PET — Polyethylene terephthalate; PP — polypropylene.
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The results of the GLM identified that both the likelihood of BO
and the values of TA in A. antennatus were mostly related to envi-
ronmental and anthropic variables rather than biological ones. The
hest-fitting model for BO (AIC — 231.46) included trawl depth,
population density, season and location. Individuals were more
likely to contain tangled balls of fibers in areas with higher popu-
lation density (z = 3.432, p < 0.001) and at greater depths
(z — —4.440, p < 0.001). Also, shrimps ccllected in summer and
from the Delta area were more likely to contain balls (z = —3.124,
p— 0002, and, z — —3.524, p < 0.001, respectively); however, the
influence of these covariates on BO was smaller than trawl depth
and population density. The second best-fitting model
(AIC = 233,44) also included accumulated precipitation as a co-
variate yet its influence on BO was not significant {z = —0.140,
p — 0.88). Analysis ol [lactors related lo TA showed a similar
outcome, with the best-fitting model again including location,
depth and population density (p < 0.001) in addition to year, fishing
intensity and CL (the only biological variable included in any
maodel). Higher values of TA were more likely to occur in shrimps
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collected in 2007, yet the magnitude of influence of this covariate
was the smallest in this model. Shrimps with a smaller CL
{p < 0.001) had low values of TA; which could be driven by the fact
that shrimps from Blanes, where the lowest values of fiber load
were found, also were some of the smallest individuals analyzed.
Similarly, the negative relationship observed between TA and
fishing intensity (p < 0.001) could be driven by the fact that
extremely high values of TA were found in Barcelona, where fishing
intensity is lower.

3.3. Relationship between fiber ingestion and shrimp’s health
condition

Model selection showed that most of the models exploring the
relationship between condition indices (Kn, HSI and GSI as
respanse variables) and fiber and ball occurrence and fiber load
were best fitted without fiber-related variables, with the variability
in condition indices being mostly related to CL and season. HSI was
higher in spring samplings (average values ranging 2.96—5.72 in
spring compared to 6.29—8.02 in summer, p < 0.05), whereas GS1
values were higher in summer (0.38—1.63 compared to 3.11-6.67,
it < 0.05), except for shrimps from the Ebro Delta (Supplementary
Material, Table S4), These differences were more pronounced in
bigger, older and more mature individuals, Ne differences were
observed for Ko in relation to CL nor season. A significant negative
relationship between fiber load (TL) and GS1 was found
(F115 — 10.77, p — 0.0047, R? — 0.3649) only for P2V sampling (off
Barcelona, summer 2018). Shrimps with the highest load of fibers
{150 ¢m individual’l) showed wvalues of GSI about 60% lower
compared te thase shrimps with the smallest load of fibers (5 cm
individual ).

No histological changes or alterations [rom the normal tissular
pattern in this species were observed in the organs and tissues
examined, not even in those supposed to be in direct contact with
balls of tangled fibers such as the cuticle and the epithelium of the
digestive system. In addition, no parasites or relevant histopatho-
lagical findings were found in this study.

4. Discussion

Fiber ingestion by the deep-sea shrimp Aristeis antennatus is
reported from every sampled location and period reinforcing the
idea that it is a widespread and recurrent phenemenon that dates
back more than ten years for this species in the Catalan Sea (NW
Mediterranean Sea). Extremely concerning values for shrimps
caughl ofl Barcelona have been ohserved, with values of over 1 m of
accumulated fiber length in at least seven individuals. As already
pointed out in a previous work in this species {Carreras-Colom
et al., 2018), fiber ingestion might be the result of intended or un-
intended consumption while feeding on benthos where fibers
might be present following sedimentation.

Our results show high values of fiber occurrence 84.6% (78.1%
when conly considering the stomach) and ball occurrence (42.4%)
very similar to those reported by Murray and Cowie (2011} for
Nephrops norvegicus in the Clyde Sea (83% of fiber occurrence and
50% of ball prevalence in stomachs). The values for both stomach
fiber and ball occurrence in shrimps captured off Barcelona in
summer of 2007 and 2018 were higher than those found in the
same area in summer of 2010 {Carreras-Colom et al,, 2018; 25.9% of
fiber occurrence and 3.7% of ball occurrence). These higher values
could be due to either differences in depth (512—791 m this study
and about 1000m in the previous one) or to great variability in the
envirenmental concentraticns of anthropoegenic fibers, and thus
availability to shrimps.

Presence of fibers in the intestine is reported for the first time in
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A. antennatus. According to our results, fiber loads are much lower
in the intestine than in the stemach suggesting that this route of
egestion might be relatively unimportant. Given the length of most
of the isolated fibers (97.4% > 1 mm and 42.0% > 5 mm)}, not to
mention the size of tangled balls of fibers, passage through the
pyloric stomach into the intestine is thought to be limited due to
the narrowing at the entrance of the intestine and the action of the
gastric mill (Welden and Cowie, 2016h), Saborowski et al. (2019)
observed that microbeads and small fibers (<100 pm) were
passed through the stomach and inte the gut in individuals of
Palaemon varidans, whereas long fibers (=100 wm) could not be
transferred and remained in the stomach. Moreover, longer fibers
might be more prone to be knotted into balls by the action of the
gastric mill's, increasing the overall size and thus hampering pas-
sage down the gut (Welden and Cowie, 2016b). On the other hand,
the action of the gastric mill combined with the cutting effect of
numerous shell temains {from prey like bivalves or pteropods,
cornmon itemns found as part of A. antennatus diet (Cartes, 1994),)
could also facilitate, to a lesser degree, plastic egestion by breaking
down fibers (Watts et al,, 2015). Ultimately, moulting is the most
plausible route of significant fiber elimination. During ecdysis, the
stomach of decapods, including the gastric mill, is replaced and
expelled. Welden and Cowie (2016b) confirmed the presence of
microplastics inside the stomach linings of N. nervegicus previously
fed with microplastics and the absence ol microplastics in the
stomach of moulted indlividuals.

The nearly exclusive presence of fibers in A. anfennatus is in
accordance with results reported for other crustaceans such as the
brown shrimp, Crangon crangon, from the North Sea (Devriese et al,,
2015) and the Norway lobster, N. norvegicus, from the Clyde Sea
[Murray and Cowie, 2011; Welden and Cowie, 2016b). In all these

studies, most of the items found were fibers with only some pieces
of films and a granule being identified. Besides being more easily
ingested and retained, the predominance of fibers in the environ-
ment could also explain this bias. [n a recent review, Gago et al.
(2018) suggested that fibers are more abundant than other
shapes in seawater and sediments. Though this statement should
be treated with caution as values obtained through very different
methodologies were compared, fiber predeminance is supported in
our study area as separately reported for sediments (Sanchez-Vidal
et al., 2018} and several pelagic and demersal fish species (Bellas
et al., 2016; Compa et al., 2018; Nadal et al,, 2016).

Hydrodynamic processes such as dense-shelf water cascading,
severe coastal storms, offshore convection and saline subduction,
known for their importance on the transport of sediments and
organic matter to the deep sea (Canals et al,, 2006), are also key
processes an the transport of fibers to deep areas where they
accumulate and become available for deep-sea organisms like
A. anlennatus {(Bagaev el al, 2017; Woodall et al., 2014). These
above-menticned hydrodynamic processes have been pointed out
as the main factors explaining marine litter occurrence along
spatial gradients in the NW Mediterranean Sea (Tubau et al., 2015).
In particular, the Northern Current, which flows southwards along
the edge of the continental shelf {(Font et al., 1983}, might help
explain the trend towards an increased fiber presence in shrimps
lowards the south during spring. The polential of the Northern
Current in leading to a progressive accumulation of microplastics
along its path was already poeinted out hy de Haan et al. (2019},
whaose study reported higher values of microplastic particles in
Catalan surface waters (0,183 + 0,158 iters m~2) compared ta those
reported in the Gulf of Lions (0.08 + 0.03 iterns m~2; Pedrotti et al,,
2016). In additicn, local sources of fibers could also be more
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abundant, especially in the area off Barcelona, near to densely
populated areas, but also off the Ebro Delta, which might receive an
indirect influence of human activities through the discharge of the
Ebro River. Galimany et al. (2019) attributed higher densities of
plastic litter in shallow (5,6—67.7 m) fishing grounds near Barce-
lona (~60 kg km’zj compared to the Ebro Delta (<5 kg krn’z) to
inland mismanagement and riverine outflows being more intense
in the former. Similarly, values of marine litter reported by Galgani
et al. (1995) and Garcia-Rivera et al. (2018) were also higher near
Barcelona compared to other areas of the Catalan coast. However,
studies reporting environmental concentrations of microplastics in
the area are either scarce or hardly comparable (Supplementary
Material, Table S5), especially regarding the deep-sea environment.
Sa far, only one study has been conducted in the Blanes area, tar-
geting sediments of the submarine canyon and its adjacent slope,
with values of microplastic fibers ranging between 5,000 and
12,000 fibers m~2 (about 70% of them being cellulosic fibers). For
the sampled areas off Barcelona and the Ebro Delta only values of
either microplastics in surface waters or coastal and beach sedi-
ment can be found in the literature, which are hardly relatable to
plastic ingestion in shrimps.

The great difference in fiber load (ten-fold increase) observed
between spring and summer samplings from Barcelona is believed
to be caused by the increase in environmental concentrations
leading to increased ingestion by shrimps. This increase should
have occurred in a rather short period of time which, in addition to
a significant increase mostly of long fibers (>1 mm), would suggest
that pollution sources were close (Isobe et al., 2019). Moreover, in
the NW Mediterranean, flux of (total) particles arriving at bathyal
depths (to 1000 m]} near the bottom are important in spring and
peak at the end of June, just before the peak observed for fibers in
shrimps in July, decreasing later in summer (Miquel et al., 1994). de
Haan et al. (2019) also observed a great variability along the Catalan
coast finding both their lowest and highest microplastic abun-
dances (0.01 items m~2 and 0.5 items rn’z) only ~60 km apart and
during the same period of the year.

Fiber sources include clothing (Browne et al,, 2011), polymer
manufacturing and processing industries {Lechner and Ramler,
2015). Most of the research concerning microplastics has been
focused on the first one, with several studies pointing at the
shedding of fibers while washing clothes as a major source of
microplastics into the ocean (Salvador Cesa et al., 2017). However,
recent works focused on the efficiency of wastewater treatment
plants have shown that they actually have an efficient performance
on removing fibers thanks to the tendency of fibers to mix inti-
mately with the cellulosic matrix of the influents and aggregate
into flocs that can be easily retained in sieves (Carr et al., 2016).
Therefore, even though fibers might escape wastewater treatment
plants to some extent, this source might not contribute as much as
it was thought initially (Carr, 2017; Carr et al, 2016). Alternative
significant dispersive pathways would include atmospheric fallout,
household dust, wastewater treatment plants disposals and storm-
water runoff (Dris et al., 2017; Siegfried et al., 2017; Wagner and
Lambert, 2018). The latter could play a key role in the Mediterra-
nean area where the regime and hydrography are characterized by
seasonal storm-like events leading to flash floods (Tubau et al.,
2015). These abrupt increases in rainfall can also occasionally lead
to combined sewer and storm-water overflows with a large impact
on the receiving coastal waters. Increased river discharge usually
creates great plumes in viver mouths revealing the great amounts of
sediments transported in these events. There is an absence of
studies in the area on the specific occurrence of microplastics
during these events, yet given that all Catalan rivers drain well-
urbanized watersheds presence of fibers could be expected (de
Haan et al.,, 2019; Sanchez-Vidal et al., 2013; Tubau et al., 2015).

42

The precipitation regime in 2018 was extracrdinary, especially in
the Barcelona area (984.2 mm hy the end of the year compared to
the mean value of 580.6 mm for the past 10 years (Meteocat, 2019)),
which might explain the great values of fiber load found in shrimps
from that location in summer {considered an outlier as they were
10—30 times higher than fiber loads observed in other locations).
An increase in the C/N ratio (~10), indicative of continental inputs in
the sedimented organic matter, was also reported in the same area
of study (off Barcelona at the head of the Besos Canyon at 600 m)
after 2—3 months following the maximum river discharge (Rumaolo
et al., 2015). Similar fluctuations on the occurrence of plastics after
increased rainfall episodes have been reported in estuary envi-
ronments (Dantas et al., 2012; Lima et al., 2014} and the Turkish
Mersin Bay where a 14-fold increase was observed {Giindogdu
et al, 2018). In the latter, a significant change in the polymer
composition was also observed, with up to eight new different
polymers being identified in the post-flood period. In our results,
only a slight increase in the proportion of PET and acrylic fibers,
which were already the most abundant categories, was detected.

The great increase in fiber load observed in summer (compared
to spring) in shrimps from Barcelona in 2018 was not identified in
any of the other seasonal comparisons, neither in the same area
(2007) nor in other localities (2018). Possible explanations
regarding 2018 samples for the northernmost area (Costa Brava)
might be the lower input throughout the year, as a site with less
anthropogenic pressure, while in the southernmost area {Ebro
Delta) it could be related to the time of sampling (in late summer,
nearly 1.5 months after the summer samplings in other localities).
This short period of time might have been enough for a significant
proportion of the shrimp pepulation to moult and get rid of the
highest concentrations acquired in late spring and early summer.
Unlike other crustaceans that brood eggs and for which moulting is
limited to certain periods, A. antennatus shows high proportions of
individuals moulting throughout the year and especially during
sumimer (values over 50% of the population) in which moulting
optimizes fertilization (Demestre, 1995). Since moulting activity is
so intense in summer and considering that moulting implies a
complete or at least significant loss of fibers in the stomach, the
idea that shrimps from Barcelona acquired fibers rapidly owing to
an exposure to high concentrations in the environment is
reinforced.

Our results on plastic ingestion in shrimps from different pe-
riods (2007 compared to 2017 and 2018), with the exception of one
sampling considered an outlier {Barcelona, summer 2018), suggest
that the level of fiber ingestion in that particular location {off Bar-
celona) could have remained at a similar level (between 22.5 and
62.37 mm ind~" in average). Beer et al. (2018) also reported no
changes in the average values of plastic ingestion in planktivorous
fishes from the Baltic Sea across three decades. These results seem
unexpected given the increase in glohal plastic and fiber production
(Geyer et al., 2017; Jambeck et al,, 2015) and point out the need to
better understand the fate of anthropogenic fibers once they enter
marine ecosystems. In individuals sampled monthly from Barce-
lona and Costa Brava for diet studies back in 1988—1989, the
occurrence of fibers and balls was also noted (Cartes, 1994), yet not
described in detail. Although the study was mostly focused on
identifying the items — prey — found in stomach contents and
measures to prevent airborne contamination for fibers were not
adopted (so, fiber occurrence could be overestimated) occurrence
of fibers in shrimps from off Costa Brava (32.1%) was slightly lower
than in Barcelona (42.9%), as reported in our study. Moreover, balls,
which are unlikely to come from airborne contamination, showed
the same spatial pattern described in this study for 2018 spatial
trends, with a clear higher occurrence off Barcelona {19.8%) than off



10 E. Cerrerus-Colom et af. / Environmental Polluiion 263 (2020) 114567

Costa Brava (7.1%) (Supplementary Material, Fig. 51.). Similarly,
Carreras-Colom et al. (2018 ) reported the highest values of fiber and
ball occurrence near Barcelona {52.1% of fiber occurrence and 18.3%
of ball occurrence for the period 2008—2011) in a survey in the
Catalan Sea, These findings, together with the relevance of popu-
lation density as a covariate in our models predicting the likelihood
of balls and the fiber load, support the idea that the area off Bar-
celona is, and has probably been for the past years, an impacted
area for microplastics. More studies, focusing on environmental
concentrations or plastic ingestion in other species, are needed to
draw more definite conclusions on temporal trends for specific fi-
ber loads, yet it seems clear that at least the occurrence of fiber
ingestion in this species has remained rather high (>40%)
throughout the past ten years. Furthermore, we did find a signifi-
cant shift in the polymer composition, which might be related to a
shift in production and usage trends. Shrimps caught in 2007
showed a greater proportion of acrylic fibers whereas in 2017—2018
the most common type was polyester. The global acrylic fiber
market has declined in recent years, especially in Europe, in favour
of polyesters, which have a price advantage thanks to large-scale
production, better raw material availability, and recyclability (HIS
Markit, 2016).

In general terms, the synthetic polymers identified and their
contribution (in order of predominance: polyester, acrylic, poly-
amide and polypropylene), except for the lack of palyethylene, are
in accordance with those reported in other studies encountering
fibers in the environment (Browne et al., 2011; Murphy et al., 2016;
Sanchez-Vidal et al., 2018). The highest proportion of cellulosic fi-
bers in shrimps was found in the Costa Brava area, where Sanchez-
Vidal et al. (2018) particularly reported the dominance of cellulosic
fibers over other synthetic polymers. Cellulosic fibers, which can be
natural (e.g. cotton) or artificial (e.g. rayon), were found in a low
proportion overall and were not eliminated from analyses as they
were sometimes observed to be part of halls thus posing a physical
threat to food passage and ultimately shrimp's health. In fact, balls
were composed of a diverse suite of fibers from different colours,
sizes (length and diameter) and even polymers, rather than being
consistent in appearance (Rochman et al, 2019). This diverse
compoesition, together with their morphology, with some balls
seemingly been made up of other small bundles, might suggest that
their origin is diverse.

The general condition of shrimps, as assessed through condition
indices and histology of main organs, showed no consistent nega-
tive impact of fiber ingestion nor any sign of other potential
stressors (i.e. prolonged starvation, extreme environmental condi-
tions). Histological alterations such as inflammatory responses or
alterations of the epithelia as the ones reported in experimental
exposures to polyethylene microplastics (Rodriguez-Seijo et al.,
2017; Von Moos et al,, 2012) were not observed. Variability on
body indices, especially HSI and GSI, was mostly related to season
and shrimp’s size which are, indeed, related to the ecology of the
species (feeding rate and reproduction according) (Cartes et al.,
2018). Works under controlled conditions have successfully
described reduced body condition indices after long-term expo-
sures (eight months) to microplastics (Welden and Cowie, 2016a).
Besides the size and position of balls, blockage of food passage did
not seem to occur, as the occurrence of intestinal contents was high
in most of the shrimps with balls. Some items of their ordinary diet
include hard shells {e.g. bivalves, gastropods) or carapaces (e.g.
other small crustaceans) amongst others (Cartes, 1994); hence,
their digestive system might be able to cope with hard, resilient big
items. Moreover, deep-sea, benthic organisms have evolved to be
able to handle mixtures of edible and non-edible particles
(Ogonowski et al, 2018). In fact, the presence of fibers was corre-
lated with higher stomach fullness (volume), suggesting that there

was no false satiation effect. The only negative correlation observed
was hetween the fiber load and the gonadosomatic index (GSI) of
shrimps off Barcelona (the sampling with the highest mean values
of fiber ingestion). A recent meta-analysis of microplastics effects
on aquatic organisms (Foley et al,, 2018), reported that reproduc-
tion was the least commonly affected function, in contraposition to
growth, consumption or survival. Given that the GSI is linked to
energy reserves and trophic condition one would expect a certain
delay between the ingestion and accumulation of fibers and a sig-
nificant effect on GSI. Tt seems unlikely, with this rather fast in-
crease in fiber load (over a two-month period), without a negative
impact on stomach fullness, general body cendition index or clear
histopathological effects identified, that the presence of fibers onits
own is the cause of reduced GSI. The fact that this correlation was
only found in shrimps off Barcelona, after episodes of great rainfall
and river discharge, could suggest the arrival of pulses of other
pollutants (Koenig et al, 2013), with specific, unknown, mecha-
nisms to produce a faster impact on reproduction (Kirby et al.,
1999). In a parallel study performed in 2007, values of organic
pollutants (PCBs, DDTs and PAHs) in sediments of the same area {off
Barcelona) were considered low, and chemical exposure was
regarded to have little influence on specific fish biomarkers (Solé
et al, 2010). On the contrary, Sinchez-Avila et al. (2012), esti-
mated a significant pollution risk (organic micropollutants) for
sensitive mysid shrimps in coastal waters. Regarding heavy metals,
a depocenter with high trace-metal contents {enrichment factors
ranging between 1.2 and 10) was identified in front of the Llobregat
river {Palanques et al.,, 2008). However, in the same work authors
noted a high small-scale variability and that a significant dilution of
metal concentration occurred deeper in the canyens. Since
A. antennatus obtains macrofaunal prey from both outside and in-
side canyons (Cartes, 1994) a real relationship with heavy metals
cannot be established without a specific study. Therefore, among
other factors, possible negative effects or interactions with organic
pellutants or heavy metals on shrimp’s health could not be
discarded.

5. Conclusions

Our findings demonstrate that Aristeus qntennatus can experi-
ence acute episodes of plastic fiber accumulation in the digestive
tract yet no consistent signs of a negative impact of fibers on
shrimp’s health condition were observed. Throughout the study,
high values of fiber occurrence were found, especially in those areas
where higher inputs of fibers into the environment are expected
due to great anthropogenic pressure {high population density) and
episodes of increased precipitation and river discharge. The vari-
ability in fiber ingestion observed in A. antennatus among locations
and between years could suggest the potential for using this species
as a monitor for fiber contamination in the deep-sea. Finally, but
importantly, the results obtained demonstrate the need to improve
our waste management policies, especially regarding anthropo-
genic fibers for which sources and pathways into the ocean are yet
to be clearly identified.

Summary of the main findings

“High variability of fiber load in individuals of Aristeus anten-
natus from the NW Mediterranean coast sampled in different lo-
cations, years and seasons is described with no evidence of negative
impact on health condition.”
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Table S1. Catcgorization of fibers encountered in the digestive system of Awisfens anfennatus according to
visual characteristics (general aspect) and results of the identification of 119 anthropogenic fibers (2.9% of
the total) by means of FTTR (percentage of each polymer identified in %). Polymers identified Acr. =
Acrylic; Cel. = Cellulose; PA = Polyamide; PET = Polyethylene terephthalate; PP = polypropylene.

Polymer identified (%)

Caregory Deseription Acr. Cel. PA PET PP

A »  Uniform diameter and round cross-section 0 0 708 167 125
+ Sometimes with wide molten or frayed ends
« Generally smooth surface texture. Granular backbone texture.
Pilling or fraving surface when damaged
« Mostly transparent, yellowed or brownish

B « Mostly uniform diameter (somctimes with molten bendsy and 8.1 0 0 811 108
round cross-sccion
+ (lean ends, sometimes molten
+ Smooth sutface wexture. Refringent, Usually with delustrant
agents visible as a bubbly backbone texture
« Generally transparent or bright colored

C « Non-unitorm diameter, flar or film-like QO 100 0 0 0
« Diagonal-cut ends
«  Wrinkled surface with angular cdges. Somcetimes fraying surface
e Mostly rransparent, blue or black, usually non-unitform

D + Non-uniform diameter with dumbbell cross-scetion 80 0 0 143 57
«  Usually with fraying ends
» Smooth and homogeneous sutface and backbone texture.
«  Mosty transparent ot bright colors

=) « Non-uniform diameter with almost round-section 10 20 0 70 0
= Generally clean ends
¢ Wrinkled with smoothed or round edges
= Mostly smooth texmre (no fraying)
= Mostly with dark colors
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‘l'able 82. Descripiive paramclers {or fiber occurrence and load in individuals of drises aptensaiar from diree Tocalities along the Catalan Coast {off Costa Brava, off

Barceloma ciry, and off Ebro Delta) for spring and summer samplings in 2018 and according o their location in the digesdve tract (stomach or intesting). Significant
differences are indicated with superseripts as follows: seasonal differences (within the same locality) are denoted with numbers and spatial differences (within the
same season) are indicated with letrers Jow case letters for spring and capital lerters for summery. Absence of letrers or numbers indicates ne differences were found,
Mean values + standard deviation are given exeept for oceurrence values {in percenrage). FO: fiber occurrence; T'A: total abundance of fiber per indivicual; TL: total
Jength of fibers per individual; TV .s: total length of synthetic fibers per individual; BO: ball occurrence; BA: estimated area per ball; BD: estimated density per ball,

Cosia Brava

Barcclona city

[bro [xha

Slﬁtiﬂg SUIMMet spring sSummct Spl‘ll'lg SUNMMNCE
STOMACH
TO (¥ 682 60.0 4 80.8 94,47 100.6) 76548
TA (n fibers/ind) 182+ 211 100— 29598 TABH 170010 15733 + 12045 23 789408 ¢ 16.41+ 2349 »

TT. (mm of fibers/ind}

BCY 94

BA (mun2/ball)

B (mm/mm2-hall
INTESTINE

T %)

TA (n fibers/md)

TI. (i of fibers/ind}
TOTAL

O (%)

‘I'A (n {lbers/ind)

1L (tmm of fibers/ind}

1'T.s (mm of
plastic/individual)

644+ 7050 3334471324
4514 35.024

1.02 1 173 £ 09824
17.37 1 36.55 + 26,2024
001 52
091+ 111! 005=0.222

219+ 2861 037 =1.20 22
773 65.0
2732269 1005 £ 29.58

.63 _ 7742 3361 L71194

TOT = 0.660 3203 £ 70994

3236+ 5422 Lk
34818
2.06 £0.26 Lk
3236 £ 4188 Lk

3041
0.65+1.23 !
2628061

93,7
813 £ 177810
34.98 L 53.6010

3465 £ 53,121k

888.73 £ 63759 28
88,025
18.53 £ 197628
62,46 + 343920

48,9 2.5
6.72 £ 505 28

2632 £21.61 28

94.45
164.06 % 1304728
915.05 L 6405620

899.34 £ 630,04 20

3242+ 18790
7781
148 £0.66¢
2898 & 2021«

6671
1.11 £ 093!

1.95+ 1.62

1o
900+ 4.58™m
3437 L2009k

3338 £ 19.88b

83,63+ 10928 &
52914
263110654
43,54 £ 30.24 4

17.624
024+ 0.56 24
R97+ 22024

82440
16.65 + 25.54 5
86.60 L 100195

73721104234

* Only one ball found.
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Table 53. Descriplive parameicrs for fiber occurrence and load in individuals in individuals of Awisenr saienmnains off Bareelona civy (Just in front of the Besds River or just south of the
Llobregat River) for spring and summer samplings in 2007, 2017 and 2018, and accotding to their location in the digesdve tract (stomach or intestine). Significant differences are indicated
with superscripes as follows: seasonal differences (within the same vear and Tocalin) are denoted with numbers and remporal differences (within the same season and Tocality) are indicared
with Terters Tow case letrers for spring and capital Tetters for summer), Mean values £ standard deviation are piven except for securrence values (in pereentage), TO: fiber occurrence;
T'A: toral abundance of fibers per individual; 1'L: total fiber length; 1Ls: total length of synthetie fibers per individual; BO: ball occurrence; BA: ball arca; BID: ball density. More derails
on each sampling stadon can be found in Table 1.

Besos

Tlobregat

2007

2017

2007

2018

spring (B2B)

summer (B3B)

spring (POB}

summer (B3V)

spring (P1V)

summer (P2V)

STOMACH

FO (%)

TA (0 fibers/ind)

I'L (mm of fibers/ind)

BO (%)

BA (mm?2/hall)

BD (mn/ mm2-ball)
INTESTINE

TOr (04)

TA {n fibers/ind)

TL (mm of fibers /ind)
TOTAL

FCO (%)

TA (n fibers/ind)

IT, (mm of fibers/ind)

TLs {mm of syathetic fibers /individualy

()"58 1a
038 £7.54 10
4287 £ 51.89 ta
00 La
297 £1.887
2758 + 17,70 W

68.8 14
1.50 + 1.59 1w
567 £ 812 1

100.0 La
THB LT8G 1a
4854 £ 531G 1
47,65 L 53.74 1

70
1532226551
61.75 £ 99.051

3871

3.60 £3.121
3034 — 28.620

3237
055 +1.092
203+549:2

7422
15.87 £26.51 1
63,78 Z 98231
62,37 _ 95421

5600
2,60+ 4850
1874 £ 3700 "
1600
487 £ 288
1544 +423%

48.0 2
1.20 + 210+
434729

7200
380 £5310

8{n0 A
310+ 7854
2080 = 5293
2304
3.09 53072
3345 + 1707

35.04
0.50 + .76 4
22513864

83.0 4
360 L8244
3205 Z 60394
31.15 _ 6520

9137
TAS L1790
3236 + 54.22 1

3481

206+ 0.261
32,36 + 4188 1

0.4
065 +1.231
26218061

9371
13 £ 17781
3495 £ 53601
3465 153,120

4.4 1.4
157.33 £12945 20
888,73 £ 63750 28

88,9 28

18.53 £19.76 28
02.46 + 34.39 28

88.9 28
6.72 + 50528
26.32 £ 216128

044 1A
16406 £ 13047 28
915,05 + 640156 2B
$99.34 L 63004 30
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‘I'able 84, Summuary of biological parameters, including size and body condidon indices, for cach sampling station. Mean valucs £ 81D arc given.

Code P CL (mm) Kn HSI GSI

1328 16 350474 0,957 + 0,070 6,29 = 1,67 0,40 £ 0,20
B3B 31 22.946.6 0,957 + 0,064 431+ 197 3,11 + 3,14
B3V 20 22.5-44.7 0,978 = 0,074 296+ 149 343 234
POB 25 33.8-42.5 1,051 + 0,073 648+ 154 039 £ 023
P1G 22 26.8-31.2 1,015 + 0,100 736+ 118 0,38 £0.22
PLV 23 26.8-35.6 1,019 + 0,066 802+ 231 1,63 £ 1,00
PID 9 33.4-37.3 1.026 + 0,066 391 +173 034 £022
P2G 20 25.9.319 1,023 + 0,088 5,72+ 1,80 373 £2,12
PV 18 31.1-383 0,984 + 0,050 554 + 124 6.67 £ 234
P21 17 33.140.7 0,994 + 0,062 539 £ 105 1,26 £ 0,93
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Table 55, Studies conducted in the NW Mediterranean Sea reporting environmental concentrations of microplastics or marine litter,

Size range Depth Particle concentrations Source Notes
Location Year & Analysis Mcthod range L .
(mm) () average (L SD) units
Blancs 2018 0.16-22.4 Digestive content 396-641 6.399 fibers -ind-! Our
screening R mm cind! study
Barcelona 2007 0.3537.7 Digestive content 790 9.78 fibers -ind-! Our
sCreening 4812 mm -ind L study
Bareclona 2017-2018  0.21-37.3 Digestive content 572-7%5 58.66 fibers +ind-! Our
sereening 32437 mm -ind! study
Delta 2018 0.62-37.9 Digestive content 425-551 12.83 fibers -ind ! Our
screening 60.49 i ind 1 study
Sutface waters
Blancs* 2011-2012 0.33-5 Manta trawl (335 pm) 0 B0000-160000 items * k-2 11] No cxact values given for the
specific area of Blanes.
Blancs = 2015 0.33-5 Manta rrawl (335 pmy) 0 0.497 items * m” 12] Fibers were not counted.
0.080 mg m2
Barcelona b 2011-2012 0.33-5 Manta trawl (335 pmy} 0 =320000 items - km 2 11] No exact values given for the
specific area of Barcelona.
Barcelona® 2015 .33-5 Manra trawl (335 pmy) 0 0.110 items - m? 2] Fibers were not counted.
(.023 mg-m?
Catalan coast 2015 0.33-5 Manta trawd (335 pmy} 0 0183 £ 0158 items - m~ 2] Fibers were not counted,
0.025 0,025 myrm 2
Balcaric Basin 2013 0.2-1000 Neuston net (200 pum) 02 549.6 g km? 13 Broadet arca than our smdy
Gulf of Lion 2010 0.33-5 Manta trawl (335 pm) 0 0.06 mgm2 IEY] , vl not our area of study.
CGulf of Tion 2015 0.2-3 P2 net (200 pum) 0 0.23 +0.20 items * m3 [5] Close, vet not our atea of study
W Meditetranean 2010 0.33-5 Manta trawl (335 pum) 0 0.116 items - m2 14 Much broader arca than our
200 Mg study area,
All Mediterranean 2011 2012 0.33 5 Manta trawl (335 pmy 0 129682 items - km=2 1 Much broader area than our
study arca.
62.211 myrkim ? Sty area
All Mediterranean 2011 2012 =5 Manta trawl (335 ) 0 5700 items - kim2 M Much broader area than our
study atca.
12000 mgkm® ’
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Sardinian-Balearic

transcct

2013-2016

Coastal sediments / Beach sand

Barcelona b
Tibro Delta ©

Tibro Delta ©
Cap Croisette

(Gulf of Lion)
Balearic Tslands

Scafloor

Blanes #
Blanes #

Blanes #

Blanes #
Blanes #
Barcelona ®
Cap de Creus
Catalan coast

Trench coast

20152017
2m7

2m7

2016

2013

20092012

1994-1996

1999-2011

2009

2015

1993-1994

2009

20072017

1992-1998

=200

<
<005
=(.3
<(L05-
(.3
0.063 — =5

0.063-5

3-8

macroy

MACTO

MAactoy

macra

MACTO

20-300

=20

mactoy

Visual survey

Beach sediment
Beach sediment

Riverbed sediment
Beach sediment

Subtidal sediment

Deep-sea sediment
l'raw] composition
Uraw] composition
T'rawl compositon
Visual survey
T'raw] composidon
I'tawl composition
Uraw] composition

‘I'tawl composition

8-10

67-2222

40-1600)

354300

900-2700

860-1509

40-80

0-800

2.5

148
422119

2052 + 746
4,654

0.27

8222 + 3700
~1,600

311
0.7-1.2
0.02-3264.6

1550

1762.6
60.03
~3,1

19.35

items + km=

items - kg
items - lyz !

items - Iy !
items - m2

irems -+ g

fibers - m?2
ltems * km~

items - hat
kg - ha!
kg * km-?

items - km=2

items - km2

items * ha'!
kg © km2

items * ha!

o1

1]
2]

13

Close, yet not our study area.
Macrolitter,  including  non-
plastic items, considered

Far from deep-sea areas.
Tar from deep-sea areas,

Far from deep-sea areas,
Iar from deep-sea areas.

Far from deep-sea areas.

Similar  approach  {man-made
fibers counted).

Macrolitter considered, yetr only
plastic itcms.

Macrolitter,  including  non

plastic items, considered

Macrolitter,  including  non-
plastic items, considered
Macrolitter,  including  non
plastic items, considered

Macrolitter,  including  non
plastic items, considered
Macrolitter,  including  non-
plastic items, considered
Macrolitter,  including  non
plastic itetns, considered
Macrolitter,  including  non-

plastic items, considered

4 F.qui\ alent to our Costa Brava h:.lhl]’!]illg location
b Piquivalent to our Barcelona sampling location

¢ Lguivalent to our Delta sampling location
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Fig. 81. Map of the study area showing the occurrence of balls (BO in %} in stomachs of Aristeus
antennatus captured along the Catalan coast during 1988-1989 in a monthly sampling (n=768
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(tangled up fibers) over the total of individuals analyzed per each sampling. Largest circles
represent BO = 20%. Differences in color intensity compared to the legend presented are due to
the superposition of values for individuals from different samplings.
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CHAPTER 5 Health status assessment in
Neohrops norvegicus (Linnaeus, 1758) from
the NW Mediterranean Sea in relation to

plastic contamination and trace metals
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SUMMARY

The impacts of human activities on ecosystems and organisms are multifactorial but pose a significant challenge
for a proper health assessment. This study aims to provide a multidisciplinary health risk assessment for the
population of Nephrops norvegicus from the NW Mediterranean Sea through body condition indices, multi-
biomarker responses and histological assessment of target organs in relation to biological (ingestion and tissue
accumulation) and environmental levels of pollutants, either emergent (plastics) or long-recognised pollutants
(heavy metals). Both plastics and metals were consistently present in all sampled locations in both biotic and
environmental samples and showed different spatial patterns. Ingested plastics, mostly fibres, were found in
over 85% of the individuals, with higher values (abundance and load), as well as a higher proportion of
aggregations of tangled fibres, in individuals from Barcelona. Analysis of environmental samples revealed
similarities in the patterns of abundance and size distribution between ingested fibres and fibres from water,
though not in the polymer composition. Overall, plastic ingestion was not significantly correlated to changes in
condition indices. However, two significant correlations were observed with enzymatic responses: a positive
correlation with glutathione-S-transferase activity and a negative correlation with catalase activity, suggesting
an increased oxidative response in those individuals with a higher load of ingested plastics. Levels of trace
metals in musculature greatly varied among locations depending on the metal species, whilst in sediment
samples, higher concentrations were primarily seen in the vicinity of Barcelona. A significant relationship with
the relative body condition was not observed either for heavy metals, although the concentration of organic As
reported points out the need for continuous monitoring programmes for both human consumption safety issues.
Finally, and most importantly, the histopathological assessment did not reveal significant alterations or
pathologic conditions affecting the species in the area, thus suggesting that it may be able to cope with current

pollutant levels.
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5.1 Introduction

Humans are driving numerous changes at a planetary scale with the expansion of urban
settlements and thriving sociocultural economies. In this Anthropocene era, the impact of
human activities on natural ecosystems is undeniable and marine environments are no
exception. Historical overfishing leading to the collapse of entire coastal ecosystems
(Jackson et al., 2001), the increased arrival to the environment and bioaccumulation in
organisms of toxic chemical pollutants, such as persistent organic pollutants or heavy
metals (Cd, Pb, Hg) (Habte et al., 2015; Johnson et al., 2013), and, most recently, the death
of marine megafauna, including marine mammals and turtles, as a result of macro-litter
ingestion or entanglement (Anastasopoulou and Fortibuoni, 2019; De Stephanis et al.,
2013), are some examples of the tremendous and numerous threats humans can create for

the marine environment.

Anthropogenic stressors are unlikely to be reduced in the near future; if anything, they
might be expected to increase exponentially as we face thousands of new synthetic
compounds being produced (Bernhardt et al., 2017) and thus, potentially released to the
environment. Not to mention the threat that climate change and the increased temperature
and acidification of oceans entail for marine wildlife. Given the importance of marine
ecosystems for both ecological and economic reasons, e.g. the provision of vital ecosystem
services and valuable resources (Osterblom et al., 2017), there is an imperious need for a
continued assessment of the health condition of key components of marine ecosystems

(Feist et al., 2015).

Among anthropogenic threats, plastics as an emergent contaminant have raised great
awareness during the past years. Their persistence and ubiquity make them a potential
hazard for marine organisms that may easily ingest them, especially when found in the form
of small particles known as microplastics (defined as particles of less than 1 to 5 mm, Frias
and Nash, 2019; Hartmann et al., 2019) (Andrady, 2011; Wright et al., 2013). The concern is
greater for those organisms whose biological and ecological traits might lead them to
increased plastic ingestion: predators that might mistake plastics for prey (e.g. marine
turtles or fish) (Carson, 2013; Mrosovsky et al.,, 2009; Ory et al., 2017), filter-feeding

organisms (e.g. mussels) (Avio et al., 2017)), or organisms with complex digestive systems
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that retain plastics for more extended periods (e.g. crustaceans) (Carreras-Colom et al.,

2020; Welden and Cowie, 2016a).

Populations of Norway lobster (Nephrops norvegicus) from the Clyde Sea have been
observed with remarkable concentrations of plastics in their stomach probably as a result of
its accidental ingestion during their foraging behaviour (Murray and Cowie, 2011; Welden
and Cowie, 2016a). These levels of ingested plastics are comparatively higher than those
commonly reported for fish species in the area (Hermsen et al., 2017; McGoran et al., 2018),
and pose a greater threat for the Norway lobster. Moreover, long-term exposures to plastic
ingestion under controlled conditions have been observed to have a deleterious effect on
their body condition (Welden and Cowie, 2016b). An observation further supported by the
results of another experimental study with another decapod crustacean, the green shore
crab (C. maenas), where a reduction in the energy budget was observed after chronic

exposure to polystyrene fibres (Watts et al., 2015).

In addition to plastic ingestion, V. norvegicus might be exposed to other multiple stressors
in the environment, of which metals are of particular relevance for environmental and
human safety reasons. Contrary to plastic ingestion, strong evidence exists for the toxic
impact of certain metals for which no biological role is known on crustaceans (Ahearn et al.,
2004; Rodriguez et al., 2007). Moreover, increased levels of arsenic (As), cadmium (Cd) and
lead (Pb) in food are considered a food safety risk and there exist national regulations on

the matter.

The NW Mediterranean Sea is an area under high anthropogenic pressure with a densely
populated coastline and intense industrial and agricultural land uses, coupled to heavy
maritime traffic and industrial fisheries exploiting both demersal and pelagic resources. In
our particular area of study, the Balearic Sea, the role of rivers in the input of terrestrial
pollutants, including plastics and heavy metals, has already been highlighted (de Haan et
al., 2019; Palanques et al., 2008; Sanchez-Cabeza et al., 1999; Sanchez-Vidal et al., 2018;

Simon-Sanchez et al., 2019).

The comprehensive knowledge of the biology and ecology of N. norvegicus (see Johnson
and Johnson (2013) and references therein), as well as its environmental relevance, as one

of the most abundant decapod crustaceans on its depth range, and high economic value,
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poses an excellent opportunity for the study of the species. This study aims to provide a
multidisciplinary assessment of the health status of Nephrops norvegicus in the Balearic
Sea in relation to environmental contaminants considered relevant for their emergence
(plastics) and food safety issues (heavy metals). For that purpose, an assessment of body
condition indices, enzymatic activities and histology of target organs is performed, and its
correlation with the presence of ingested plastics and tissue levels of heavy metals tested.
Environmental levels of both contaminants are also provided for a complete risk

assessment.

5.2 Materials and methods

5.2.1 Study area and sample collection

Biological and environmental samples were collected from commercial fishing vessels in
June and July 2019 from three locations selected along the continental shelf break of the
Catalan Coast (Fig. 1). At each location, 40 individuals of similar sizes were selected and
processed in different ways. For a subsample of ten of these individuals from each location,
a portion of the hepatopancreas and a portion of the tail’s muscle were immediately frozen
and stored at -80°C until biochemical analysis. The rest of the specimen and another ten
individuals were injected and submerged in Davidson's fixative for 72h and then transferred
to ethanol for stomach content analysis and histological assessment. Finally, the remaining

ten individuals were immediately frozen and stored at -20°C for trace metal content analysis.

Environmental parameters (temperature in °C, salinity in ppt, dissolved oxygen in mg/l and
turbidity in FTU) were also collected with a CTD profiler (ASTD152-ALC) at 5 m above the
seafloor. Sediment samples were collected during fishing trawls using a sediment collector
attached to the fishing gear, and a subsample of the sediment was kept frozen at -20°C until
the analysis of granulometry, organic content and contaminants (plastics and heavy metals).
Finally, net tows of ~30 min were performed to analyse the potential presence of plastics in
the near-bottom water layer. Samples were collected using a WP2-net (200 pm mesh)
equipped with a flowmeter that was towed horizontally at a velocity of about 2-3 knots and

5-10 m above the seafloor.
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Fig 1. Sampling locations for Nephrops norvegicus and sediment samples
(trawls), water samplings using WP-2 nets and deployment of CTD for
physicochemical parameters measurement. The background map is from
EMODnet Bathymetry Consortium (2020).

5.2.2 General health assessment and histological assessment

Once in the laboratory, cephalothorax length (CL, in mm), total weight without chelipeds
(TW,in g) and sex were recorded, and individuals were dissected. The hepatopancreas (HW)
and gonads (GW) were also weighted (in g). After screening for plastics (see section 4.2.4),
stomach content was weighed (SCW, to the nearest 0.001 g). Body condition indices were
calculated as follows: relative condition factor (Kn = W/EW, where EW is the expected
weight from the weight-length regression adjusted with all individuals sampled in the
study), hepatosomatic index (HSI = HW/TW x 100) and gonadosomatic index (only in
females, GST= GW/TW x 100).

A portion of targeted organs, the hepatopancreas and the gonad, the gills from one side and
the first abdominal segment, were processed through routine histological techniques.
Qualitative histological examination through light microscopy was conducted on

haematoxylin-eosin-stained sections by comparing the tissue organisation and integrity to
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that reported as normal in decapod crustacean species (Bell and Lightner, 1988; Shields and
Boyd, 2014). The gonadal development stage for females was also determined according to

Becker et al. (2018).

5.2.3 Biochemical determinations

A portion of muscle (0.3 g) and a portion of hepatopancreas (0.2 g) were homogenised in 1
mM and 100 mM buffer phosphate, respectively, in a 1:5 (w:v) ratio using a Polytron”
blender. The latter buffer containing 150 mM KCI, 100 mM EDTA, 100 mM DTT, 10 mM
phenanthroline and 10 mg-ml? trypsin inhibitor. The homogenates were centrifuged at

10000 G for 20 min, and the supernatant used for biochemical determinations.

Assays were performed following the procedures described in past studies in the area (Anto
etal., 2009; Koenig et al., 2013; Solé and Sanchez-Hernandez, 2018). All assays were carried
out in triplicate at 25°C using either undiluted or diluted supernatant, depending on the

assay, and measured on a Tecan™ Infinite M200 spectrophotometer.

The activity of carboxylesterases (CbE) was measured by monitoring the hydrolysis rate of
the commercial colourimetric substrate p-nitrophenyl acetate (pNPA) using a
spectrophotometric continuous enzyme assay adapted to microplate format (Satoh and
Hosokawa, 2006). The kinetic assay was performed in a medium of 50mM phosphate buffer,
the substrate (1ImM) and the sample. Catalase (CAT) activity was measured as a decrease in
absorbance at A = 240 nm (€ =40 M- cm™) for 1 min using H>0, 30% as substrate (Aebi,
1974). Glutathione-S-transferase (GST) activity was determined using 1-chloro-2,4-
dinitrobenzene (CDNB) as substrate in a reaction mixture containing 1 mM CDNB and 1 mM
reduced glutathione (GSH) as described in the protocol of Habig et al. (1974). The activity
rate was measured as the change in OD/min for 3 min at A = 340nm (€ = 9600 M- cm™).
Pentoxyresorufin-O-deethylase (PROD) activity was measured using a method adapted from
Burke and Mayer (1974) as the increase in fluorescence at A = 537 nm excitation and A =
583nm emission over 10 min. Substrates used include 7-pentoxyresorufin and NADPH as a
cofactor. A standard curve of 7 resorufin sodium salt concentrations (0-160 nM) was used to
quantify activities. Acetylcholinesterase (AChE) activity was determined according to

Ellman et al. (1961) at A = 405 nm using ATC 1mM as substrate. Lactate dehydrogenase
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(LDH) activity was measured following adaptation of the Vassault (1983) method using
NADH (200 uM) and pyruvate (1 mM) as final well concentrations. Reading was done at A =
340nm for 5 min. Citrate synthase (CS) activity was measured according to Childress and
Somero (1990) protocol using DTNB (0.1 mM), acetyl CoA (0.1 mM) and oxalacetate (0.5
mM) at A = 405 nm. CE, CAT, GST and PROD were analysed in hepatopancreas and AChE,

LDH and CS were analysed in tail’s muscle S10 fractions.

All enzymatic activities are expressed in relation to the total protein content of the sample,
which was determined by the Bradford (1976) assay adapted to a microplate, using the Bio-
Rad Protein Assay reagent and bovine serum albumin (BSA, 0.1-1 mg - ml™) as standard read

at A =595nm.

5.2.4 Analysis of plastic contamination

Stomach (including the cardiac and pyloric chambers) and intestine contents were directly
visually screened for the presence of plastics and other potential anthropogenic particles of
similar characteristics (size and shape), i.e. cellulosic fibres or rayon (Kanhai et al., 2017;

Salvador Cesa et al., 2017).

For water samples, 100 ml of the homogenised mixture was poured on a 1 mm stainless
sieve and divided into two fractions. Because of the high organic matter content, the <1 mm
fraction was further split into ten aliquots with a McLane rotary splitter (splitting error <4%).
Subsequently, three of these aliquots were put together and went through weak alkaline
digestion with 20 ml of NaOH (1 M) at room temperature for 24 h (Cole et al., 2014) to avoid
the degradation of cellulosic fibres. Subsamples were split again, and two sub-aliquots were
vacuum-filtered onto polycarbonate membranes (Millipore, ®47 mm, 0.45 pm). The filters
were dried overnight at 40 °C and visually inspected for the presence of potentially

anthropogenic items. For the >1 mm fraction, samples underwent a direct visual inspection.

Sediment samples went through a Fenton reaction to reduce the amount of organic matter
(Liu et al., 2019; Simon et al., 2018). Briefly, 50 mL of wet marine sediment were placed in
beakers with 200 mL of MilliQ on a heating plate at 50°C and were continuously stirred.

Samples were then oxidized by adding 36.5 mL of peroxide (50%), 15.75 mL of FeSO,
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(0.1M) and 16.25 mL of NaOH (0.1 M) (Liu et al., 2019; Masura et al., 2015). The supernatant
was extracted and left to settle in a glass funnel, and the remaining sediment underwent two
successive density separations using saturated NaCl solution (Thompson et al., 2004). The
collected supernatants were placed on a glass funnel, and after 24 h, the solids were drained.
Finally, the three liquid phases collected for each sample (one from the Fenton's reaction
and two after density separation procedures) were merged and vacuum-filtered onto
polycarbonate membranes (Millipore, @47mm, 0.45pm). The filters were dried overnight at

40°C and visually inspected for the presence of potentially anthropogenic items.

Measures were taken to prevent and reduce potential contamination. Dissection of
specimens was performed in a safety cabinet, all material used was rinsed with filtered water
(50 ym) and checked before use, and screening of digestive contents was performed using
a stereomicroscope fully covered by an isolation device. Air controls (Petri dish filled with
water) placed close to the sample being screened inside the isolation device were used to
monitor airborne contamination. Water and sediment sample processing was performed in
a clean laboratory (positive pressure), all material used was previously rinsed and distinctive
orange lab coats used at all times. Procedural blanks were performed to check for potential

contamination.

All particles suspected of anthropogenic origin, including plastics, were separated,
counted, observed with optical microscopy for further characterization and measured using
a MicroComp Integrated Image Analysis System. The polymer composition was further
identified as described in Carreras-Colom et al. (2020) through ATR-FTIR or when their
small size rendered this impossible, by means of uFTIR at the Scientific and Technological

Centres (CCitUB, University of Barcelona).

Anthropogenic items were classified into synthetic (plastic) and cellulosic (potentially man-
made) items, and their concentration levels were calculated in terms of abundance (number
of particles) and load (as the sum of lengths of fibres, in mm, and the sum of areas of
fragments and films, in mm?) per individual or unit of water and sediment sampled, i.e., m?

and ml, respectively).
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5.2.5 Determination of heavy metal content

Muscle portions (no cuticle) were oven-dried until constant weight and homogenised.
Subsamples of 0.2 g were acid-digested (5 ml HNO; and 0.5 ml HF) in an automated
microwave system (Milestone Ultraware) using closed Teflon vessels at 240 “C for 15
minutes. Similarly, sediments were oven-dried, and then subsamples of 0.2 g were acid-
digested following the EPA3051a method with 5 ml HNO; and 2 ml HCI at 200 °C for 15

minutes.

Following acid digestion, concentrations of Cd, Zn, Li and Ti (only muscle), and Pb, Cu, Co,
Cr, Ni, Mn, Al, As and Fe (both in muscle and sediment) were analysed by inductively
coupled plasma-mass spectrometry (ICP-MS; Agilent 7500CE ICP-MS; Agilent
Technologies, Los Palos, CA). Certified reference materials (ERM®-BB422 Fish Muscle, Joint
Research Centre; BCR-701 Lake Sediment, European Commission) and laboratory blanks
were included in each batch. Percentage recovery from certified reference materials was
rendered acceptable (ranging between 85-115%), and no corrections were applied on
concentration levels from problem samples. Values are given in dry weight unless stated

otherwise.

5.2.6 Data analysis

All statistical analyses were performed in R version 3.6.3. Differences among locations for
contaminants in biological samples (prevalence, abundance and load of anthropogenic
items and for tissue levels of metals) and health parameters (body condition indices and
biomarkers response) were tested using GLM (logistic and Poisson regressions depending
on the variable) with CL as a covariable. Differences in the polymer composition and size
distribution of ingested plastics among locations were tested through a permutational
analysis of variance (PERMANOVA; “vegan” package) and an adaptation of the Kolmogorov-
Smirnoff test, respectively. Similarly, differences among locations for the concentration of
trace metals were tested by GLM to account for CL as a covariable. GLM models were also
used to test the correlation between health parameters (condition indices and enzymatic
activities) and contaminants (plastics and trace metals) while accounting the individual’s

size and site differences. Potential patterns were then visualized through Principal
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Component Analysis (PCA) and their relation with environmental conditions
(physicochemical parameters and environmental levels of contaminants) further explored
with Redundancy Analysis (RDA). A backwards stepwise selection procedure based on a
permutational test was used to select the most explanatory variables. For all statistical tests,
significance level was set at p < 0.05, though marginal differences (0.1 > p > 0.05) are also

discussed.

5.3 Results

A total of 90 adult individuals in the inter-moult stage were included in this
multidisciplinary study. Of these 60 were included in the analysis of the presence of plastics
and other anthropogenic items, and another 30 were analysed for the presence of trace

metal concentrations.

5.3.1 Levels of plastics and other potentially anthropogenic items

Overall, 83.3% of the individuals were observed with at least one synthetic fibre in their
stomach and 11.7% with cellulosic fibres that might have an anthropogenic origin. In some
individuals (20% in the Costa Brava and Barcelona sampling locations), fibres were found
tangled up in balls occupying a small percentage volume of the stomach (c.a. < 10 %) (Table
1). Only one individual was observed with a black film-like particle made of polyethylene in
its stomach, and from all intestine contents analysed, only one fibre made of cellulosic

material and with traces of black original colour was identified.

Differences among sampling locations were not observed for the values of prevalence of
either synthetic, cellulosic or tangled fibres (p > 0.05). None of the individuals from the
Ebro Delta had a ball of fibres in their stomach. Significant differences regarding the mean
abundance and load of synthetic fibres were observed among locations (GLM; p < 0.01),
with Barcelona showing higher values compared to the other locations (abundance: z = -
6.424 and -7.7, p < 0.01; load: z= -5.78 and -7.82, p < 0.01). Moreover, tangled fibres in

Barcelona were also more abundant and made up for a higher total load compared to the
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Costa Brava (abundance: z = -7.12, p < 0.01; load: z = -7.70, p < 0.01). Mean values of all

parameters related to ingestion of anthropogenic items can be found in Table 1.

Table 1. Prevalence of plastic items in digestive contents of N. norvegicus and
environmental samples (water and sediment) according to location. » = number of
individuals/samples analysed. Different superscript letters among rows indicate differences

among locations.

Girona Barcelona Delta

Stomach contents n 20 20 20
Synthetic fibres % 75% 85* 90 ®

(n - indY 6.20+£6.80% 12.55+20.78 ® 5.20+4.44*

(mm - ind™Y) 19.46 + 21.90 ® 28.45 +41.88" 16.73 + 14.67 ®
Cellulosic fibres % 15 5 15

(n - ind™" 0.15+0.37* 0.05+0.22* 0.15+0.37*

(mm - ind™) 0.51+1.29+% 0.02+0.1% 0.15+04°?
Tangled fibres % 20 20 0

(n - indY 1.55+4.05% 6.45+17.96 " 0

(mm - ind™Y) 6.20£13.73® 14.20 +37.32° 0
Fragments and films % 0 5 0

(n - indY 0 0.05+0.22 0

(mm - ind?) 0 0.07 +0.33 0
Near-bottom water layer n 1 2 2
Synthetic fibres (n-m? 0.12 1.25+0.72 0.09 £ 0.08

(mm - m3) 1.28 10.14 + 4.52 0.43 £0.17
Cellulosic fibres (n - m?3) 0.13 0.57+£0.44 0.10 £ 0.03

(mm - m?) 0.38 0.85+0.09 0.4+0.23
Fragments and films (n - m?3) 0.13 0.10+0.13 0.014 + 0.005

(mm - m?) 0.0004 0.007 £ 0.008 0.002 = 0.002
Sediment n 1 1 1
Synthetic fibres (n-ml1 0.04 0.12 0.02

(mm - ml) 0.04 0.16 0.13
Cellulosic fibres (n-ml 0.14 0.02 0.07

(mm - ml) 0.15 0.03 0.10
Fragments and films (n-ml 0 0 0.06

(mm - ml ) 0 0 0.003

In terms of fibre characterization, significant differences were identified among locations
for the fibre size distribution of ingested synthetic fibres (K-S: D = 0.21, p < 0.001 with
individuals from Barcelona showing a higher contribution of small fibres (<1mm) compared

to those from the Costa Brava and the Ebro Delta with a higher contribution of fibres > 1 mm
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(Fig. 2). Mean fibre length was also smaller in Barcelona (2.26 + 2.11 mm) compared to other
samplings (3.14 + 2.78 in the Costa Brava, and 3.19 + 2.83 mm in the Ebro Delta,
respectively; K-W: X?=30.96, p < 0.001). No significant differences were observed in the
relative composition of polymers of fibres ingested among locations (PERMANOVA; pseudo-

F=17744,p=0.11).
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Among environmental samples, highest loads of synthetic fibres were observed in
Barcelona for water and in Barcelona and the Ebro Delta for sediment samples (Table 2, Fig.
3). Cellulosic fibres were equally found in water samples from the three locations but were
more abundant in the Costa Brava and Ebro Delta sediments than in Barcelona. Contrary to
ingested items, fragments and films were identified in water samples of all three locations
and in sediments from the Ebro Delta. These items of irregular shape were mainly made of
PE and PET, and none of them surpassed the 5 mm of diameter (longest diagonal measured).
Regarding fibres, the polymer composition was slightly different to that of ingested fibres
and varied considerably compared to ingested fibres and even between water and sediment
samples from the same location. Either PA or cellulose were the dominant polymers in water
samples, whilst in sediment samples, it was mainly cellulose, and PET or PP (Table 2).
Finally, in terms of size distribution, two main patterns were observed: (1) synthetic fibres
had a higher contribution of longer fibres, especially in water samples, and (2) density
curves of ingested fibres seemed more similar to those of fibres identified in water samples

rather than sediment samples (Fig. 2).

Table.2. Polymer composition (in percentage over the total load) of fibres found in stomach
contents and water and sediment samples. For stomach contents, mean values (+ standard
deviation) calculated from the proportions observed in each individual are given.

PA PE PET PP Acr Cel

Stomach contents

Costa Brava 27.8 £ 34 0+£25 51+39.6 35+7.3 12.3+14.3 55+£0.2

Barcelona 294+146 06+0 468+368 1.8+17.8 21.4+29.1 0.1+£3.8

Ebro Delta 9.1+34.6 0+0 448+314 62+78 386+36.8 13+129
Water samples

Costa Brava 70.7 0.0 1.2 1.3 3.0 23.9

Barcelona 84.9 0.0 0.7 2.2 4.4 7.7

Ebro Delta 23.3 3.5 11.9 0.2 13.0 48.1
Sediment samples

Costa Brava 0.0 0.0 0.0 0.0 18.7 81.3

Barcelona 0.0 16.7 52.7 0.0 14.0 16.7

Ebro Delta 5.5 0.0 0.0 49.5 0.0 45.1
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Fig. 3. Values of fibre load (synthetic, SF, and cellulosic, CF) in stomach contents
of V. norvegicus (white boxplots, in mm - ind?) and water (blue, in mm - m®) and

sediment (orange, in mm - ml™") samples. Diamonds indicate mean values.

5.3.2 Levels of trace metal concentrations

Levels of trace metal concentrations in muscle and sediment samples are given in Table 3.
Significant differences among locations in the levels of trace metals in abdominal muscle
were observed with higher levels of Li, As, and Cd in individuals from the Costa Brava,
whereas higher values of Al, Ti, Mn, Fe, Co, Cu and Zn were observed in the Ebro Delta area
(ANOVA; F226=3.77-11.93, p < 0.05). Values of Cr might be higher in the Ebro Delta since
it was the only area where it was observed above the detection limit (0.31 ppm) (no statistical
tests could be performed). No significant differences were observed for Ni or Pb among
locations, and no significant relationships with size or sex were found for the concentration
of any metal analysed when considering individuals from each sampling location alone (p
> 0.05). The resulting RDA performed on the data matrix of trace metal data in V. norvegicus
with stepwise selection of physicochemical parameters of the water and sediment suggests
that the percentage of organic matter and silt and clay rather than other physicochemical

properties, are the most explanatory variables for the trends in heavy metals observed
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Table 3. Trace metal concentrations in tail muscle of Nephrops norvegicus and sediments from the three locations sampled. Values are
given in mg - kg d.w.!. Different superscript letters indicate differences among locations in the levels of trace metals in V. norvegicus.

Li Al Ti Cr Mn Fe Co
N. norvegicus
Costa Brava 0.61+0.15* 47.0£52.7* 3.45+292¢* BDL 3.84+085* 32.7+£27.2* 0.06 +0.01*
Barcelona 0.41+0.2° 64.2+46" 3.74+1.53%® BDL 521+1.8% 31.1+12.62 0.06 +0.01°2
Ebro Delta 0.51+0.08*  77.6+16.2" 5.09+1.07" 0.44+0.2 541+1.44° 60.4+213" 0.08 +0.02°"
Sediment
Costa Brava - 26732 + 2588 - 40.2+2.6 509.98 + 23.42 28199 + 2198 9.81+0.24
Barcelona - 24721 + 967 - 41.6 £0.6 920.94 + 315.64 32874 + 1538 11.57 £ 0.26
Ebro Delta - 11414 + 6606 - 225+9.4 491.63 £ 235.79 27315+ 2289 9.06 +1.34
Ni Cu Zn As Cd Pb
N. norvegicus
Costa Brava 0.22+0.09° 16.2+52° 53.02+3.20* 109.69+21.94* 0.023 +0.006% 0.28 +0.23°
Barcelona 0.17 +0.07 ® 19.6 + 7.4 56.59+2.56" 112.64+13.88*  0.020 + 0.004° 0.32+0.17 ¢
Ebro Delta 0.20+0.05* 23.5+78" 57.55+2.31° 76.74 +18.08" 0.015 + 0.004°® 0.28+0.13%
Sediment
Costa Brava 37.19 £ 0.26 13.72 £ 0.41 - 14.82 £ 2.22 - 25.76 £ 1.43
Barcelona 38.55 +£0.48 18.15+ 0.30 - 25.05+0.42 - 41.99 + 0.49
Ebro Delta 24.87 +4.30 9.31+6.37 - 26.76 +1.20 - 28.90 + 8.48
ERL? 20.9 34 150 8.2 1.2 46.7
ERM? 51.6 270 410 70 9.6 218
TET? 61 86 540 17 3 170

2 Long et al. (1995)

b MacDonald et al. (2000)
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among locations (Fig. 4). Sediments from Barcelona showed a higher percentage of organic
matter and silt and clay (Table 4). Trends in the levels of trace metals among locations were
only partially shared by trends in the concentrations of the same elements in the sediment.
Barcelona showed the highest concentrations for all metals, with equally high levels in Al,

Cr, Ni and Cu in the Costa Brava, and As in the Ebro Delta (Table 3).
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Fig. 4. Redundancy analysis on tissue levels of heavy metals in N. norvegicus
constrained by the physicochemical parameters of water and sediment, from
which were selected the percentage of organic matter (OM) and the percentage
of silt and clay (SC) as the most significant for the ordination. Colours refer to
sampling locations of individuals (G: Costa Brava; B: Barcelona; D: Ebro Delta).

Table 4. Environmental conditions of the three sampled locations (CB: Costa Brava, BC:
Barcelona; and ED: Ebro Delta) including physicochemical parameters of bottom water
(mean values for ca. 5m above the seafloor) and sediment. T: temperature; S: salinity; DO:
dissolved oxygen; Tu: turbidity; OM: organic matter; SC: silt and clay; SA: sand.

Sampling Depth T S (ppY) DO Turbidity CaCO;  OM SC SA

location (m) O (mg/L) (FTU) (%) (%) (%) (%)
CB 404 13.76  38.63 6.52 0.43 31.31 1390 34.17 65.83
BC 438 13.66  38.61 6.58 0.62 2034 1590 4087 59.13
ED 339 13.73  38.60 6.58 0.15 23.73 1336 50.61 49.39
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5.3.3 Histological assessment

Histopathological assessment of target organs (gills, hepatopancreas and abdominal
muscle) did not reveal relevant histopathological alterations except for a granuloma-like
structure in gills (Fig. 5A), found in one individual from Barcelona, and an haemocytic
nodule within an extensive haemocyte infiltration in muscle tissue (Fig. 5B) in one
individual from the Ebro Delta. No apparent evidence of the aetiological agents was found in
any case. Although the intestine was not targeted in the histopathological assessment, small
portions were observed in preparations of muscle or hepatopancreas. Incidentally,
aggregations of elongated to ovoid yeast-like cells within cyst-like spaces were observed in
the intestinal submucosa of at least five individuals, one from Barcelona and four from the
Ebro Delta (Fig. 5C). A layer of fibrous connective tissue was observed surrounding these
structures, suggesting a potential encapsulation host response. Since the intestine could

not be evaluated for all individuals, the prevalence of this finding could not be appropriately

estimated.

Fig. 5. Histological findings observed in N. norvegicus: (A) granuloma-like structure found
in gills. B) structure with remains of degenerated material observed in gills, (B) remains of
an haemocytic nodule within an extensive haemocyte infiltration in muscle tissue, (C)
elongated to ovoid yeast-like cells fond inside cyst-like structures surrounded by a layer of
host cells in the intestinal submucosa. Scale bars provided for reference of size. Standard
H&E stain used.
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On the whole, the gill epithelium showed a regular appearance and no alterations of cell
morphology were identified in hepatopancreas or muscular cells either. The low prevalence
of the findings described limited further analysis of any potential relationship with size,

other health biomarkers (condition indices and enzymatic activities) or contaminant levels.

5.3.4 Condition indices

Significant differences, unrelated to the size of the individual, were observed for HSI and
GSI among sampling locations. Individuals from the Ebro Delta showed the highest values
of HSI (F25 = 9.3808, p < 0.001) and Barcelona females showed the highest GSI values
(F227=4.54, p = 0.02). All females, regardless of their sampling location, were considered to
be in a late ovary maturation stage with enlarged dark green ovaries that extended to the
first abdomen segments (macroscopic observations during dissection) and with vitellogenic
oocytes showing densely packed yolk vesicles (microscopic observation; stage 4 according
to Becker et al. (2018) (Table 5). Stomach fullness was also significantly higher in Barcelona
compared to the Costa Brava individuals (Fz57 = 5.9035, p = 0.005). No differences were
observed for the relative condition factor (p > 0.05), or between condition indices or

stomach fullness and the abundance and load of ingested plastics (rho < 0.2, p > 0.05).

Table 5. Summary of the biological parameters (mean and standard
deviation) of individuals of Nephrops norvegicus. CL = cephalothorax
length; n = number of individuals. F = female. Stages of maturity
defined from I to V (Rotllant et al., 2005); Kn = relative condition factor;
HSI = hepatosomatic index; GSI = gonadosomatic index.

Costa Brava  Barcelona Ebro Delta
n 20 (9) 20 (9) 20 (12)
Size range (CL, mm) 25.0-34.7 32.5-40.7 28.0-36.2

Kn 0.97+0.13* 1.05+0.11* 1.00+0.13%
HSI 4.04+072% 429+0.78* 4.85+0.84°
GSI 437+1.71* 6.48+1.94> 4.52+147°?
Maturity stage v I\Y% v

Stomach fullness 1.97+0.75* 1.11+0.89" 148+1.02%
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15.3.5 Biomarker's response

No site-related differences were observed for most biomarkers, except LDH, CbE and GST,
each displaying a different pattern (Table 6). LDH activities were higher in Barcelona and
the Ebro Delta individuals compared to those from the Costa Brava (F227 = 7.35, p = 0.003),
CbE showed higher levels in the Costa Brava instead (F:21 = 6.91, p = 0.005) and GST
activities were marginally higher in Barcelona (F..; = 3.30, p = 0.057), the past two cases

compared to the Ebro Delta.

Of all biomarkers analysed, three were significantly correlated with the fibre load of the
individuals: GST, CAT and, partially, LDH. Synthetic fibre load was positively related to GST
(t = 2.84, p = 0.01) and negatively to CAT (t = -3.14, p = 0.005). Finally, a significant
interaction was observed for LDH between fibre load and individuals’ size (F116 = 4.75, p =
0.04). When only bigger individuals were considered (CL > 31.6 mm), LDH was positively
related to fibre load (t = 2.18, p = 0.045). PCA analysis performed on the biochemical
determinations response data matrix showed a great ordination of individuals based on their
enzymatic response. This ordination partially supported the correlations mentioned above
with synthetic fibre load, with individuals with a higher load positioned mostly on the left
and bottom left corners, being therefore partially associated negatively with CAT and
positively with GST but also LDH and CS activities (positively) (Fig. 6). RDA performed
afterwards, including other environmental conditions, did not reveal any significant

patterns (significance levels of the ordination p>0.05).

5.4 Discussion

Our study characterises the levels of plastic ingestion and tissue levels of heavy metals in
N. norvegicus from the NW Mediterranean Sea and provides a general assessment of the
health condition of these individuals with particular attention to the potential correlation

with the levels of contaminants analysed and their spatial trends.
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5.4.1 Plastic ingestion in N. norvegicus

The high levels of ingested plastic fibres and common presence of tangled balls observed
in the Balearic Sea fall into the range of the levels reported in several areas for this species
(thoroughly reviewed in CHAPTER 6) as well as other crustacean species (Devriese et al.,
2015; McGoran et al., 2020). Despite showing similar levels of abundance, it is worth noting
the vast contrast with the results reported by Cau et al. (2019) in the Tyrrhenian Sea or
Martinelli et al., (2021) in the Adriatic Sea in terms of shape, since in both studies a
significant larger proportion of fragments and films was identified (86 and 57%,
respectively). Differences in the methodological approach might be responsible for these
differences to some extent (e.g., textile fibres not accounted because of their potential
airborne contamination origin, identification of particles in a much smaller size range), but

further research would be needed to properly understand such differences.

Spatial differences along the Catalan coast match the patterns already described at
shallower areas (~100 m) in red mullet Mullus barbatus (Rodriguez-Romeu et al., 2020), for
which higher values were described in Barcelona compared to the Costa Brava, and at
deeper depths (~800 m) for the deep-sea shrimp Aristeus antennatus, for which high levels
of plastic ingestion in the vicinity of Barcelona were repeatedly found compared to other
locations along the coast, including the Costa Brava and Ebro Delta locations (Carreras-
Colom et al., 2020). In our case, site-related differences in the levels of ingested plastics are
further supported by the differences in the levels of environmental plastics, for which higher
values were also observed near Barcelona, thus suggesting that this area, characterised by
a high population density and industrialisation level, might have an increased arrival of

such contaminants.

The association between the anthropization level of the surrounding land areas and the
increased presence of synthetic fibres in the environment has been observed in other plastic
studies (Alomar et al., 2016; Ruiz-Orejon et al., 2018). For instance, Jambeck et al. (2015)
estimated that over 4.8 MT of plastic entered the ocean from land in 2010 alone. Particular
emphasis has been placed on the role of rivers and storm-water runoffs on the transport of
plastics into the ocean (Galafassi et al., 2019; Lebreton et al., 2017). In the Mediterranean
Sea, in addition to heavily urbanised watersheds, most rivers also receive the effluents of

numerous wastewater treatment plants (WWTPs), which are viewed as important pathways
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into the environment for synthetic fibres that originate in urban households (Galafassi et
al., 2019 and references therein). The dominance of synthetic fibres made of acrylic and
polyethylene terephthalate (polyester) polymers (over 75% of the ingested fibres in
Barcelona), in addition to the abundant blue-dyed cellulosic fibres observed in sediments
resembling characteristic fibres of Jeanswear (De Wael et al., 2011; Rodriguez-Romeu et al.,
2020), provide further support to the likeliness of a textile origin for an important part of the
fibres identified. However, sea-based sources such as the release of fibres from aquaculture
and fishery equipment should not be ruled out either as both PA and PP, two commonly used
polymers in fishing ropes and nets (Salvador Cesa et al., 2017), were also identified in
variable proportions. In general terms, the polymer composition observed matches that of
the global composition observed for synthetic fibres in both surface water and sediments,
in order of abundance: PET > PA and acrylic fibres > PP and PE (Sanchez-Vidal et al., 2018;
Suaria et al., 2020).

Local hydrodynamics conditions of the continental shelf and shelf break in the area are
known to enhance the transport of organic particulate matter and other contaminants into
the ocean (Sanchez-Vidal et al., 2008). Several studies have pointed out the seafloor as the
ultimate fate of plastics and marine litter in broad terms (Fischer et al., 2015; Mordecai et
al., 2011; Sanchez-Vidal et al., 2018). Our results on sediment concentrations are below
those previously reported along the submarine canyon and adjacent continental shelfin the
Costa Brava by Sanchez-Vidal et al. (2018), who reported between 0.2 and 0.7 fibres of
synthetic composition per ml of sediment analysed (values calculated from the number of
fibres reported - 50 ml™). In this work, they also highlighted the presence of cellulosic fibres
(up to 1.4 fibres - ml™") whose abundance greatly surpassed synthetic fibres, as happens in
our samples from the Costa Brava and the Ebro Delta. Very few studies targeting deep-sea
sediments of similar depths exist, limiting further discussion on whether these levels of
plastic pollution in sediments might or might not be typical near urbanised areas. Likewise,
only one study has characterised the presence of plastics in deep waters so far (Courtene-
Jones et al., 2017), and even though they sampled the remote location of the Rockall
Through at depths > 2200 m, they found values well above the concentrations observed in
our study (70.8 fibres - m®). Comparisons for areas of similar characteristics, close to urban
areas, are limited to observations on surface waters. For instance, Lefebvre et al. (2019)

reported values of 0.23 fibres - m™ in the Gulf of Lions, and de Haan et al. (2019) reported
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highly variable concentrations of plastic particles along the Catalan Coast with average
values between 0.039 and 2.057 items - m*. Values reported in both studies are comparable
to those observed in bottom waters in the present work. However, one of the most recent
and extensive assessments of synthetic fibres in surface waters found a mean value of 4.6
fibres - litre”, and even though over 90% of these fibres were rendered of cellulosic or
natural composition, the resultant values for synthetic fibres still greatly surpass our
estimated values in bottom waters. This poses the question of whether deep environments

may exhibit increased concentrations compared to surface waters or not.

Given the size distribution and patterns in abundance and load observed among sites for
environmental and ingested values of plastics, it seems like water would have a more critical
role in the exposure to the ingestion of plastics in N. norvegicus. Until now, it had been
hypothesised that the most plausible route of entry for plastics in this benthic species would
be passive ingestion while preying on epibenthic and endobenthic fauna (Carreras-Colom
et al., 2018). However, the similarities between ingested plastics and those found in bottom
water samples suggest otherwise. Suspension feeding in adults of N. norvegicus was
described some time ago, although it was initially thought to be a strategy adopted by egg-
bearing females during the long breeding season to avoid leaving the burrow (Loo et al.,,
1993). Later on, Santana et al. (2020) provided evidence that suspended particulate organic
matter significantly contributed to its diet, at times by almost half of the diet (47%), of both
females and males from Clew Bay (Ireland). In the absence of more information on whether
Mediterranean populations might share this feeding strategy and to what extent, it could be
hypothesised that plastics suspended in the bottom water might be ingested during
suspension-feeding, thus resulting in shared similarities between plastics from the water

and those observed in stomach contents.

In general, both levels of ingested and environmental plastics correlated well and
succeeded in pointing out the area of Barcelona as the area with the highest impact of plastic
pollution, whilst the Costa Brava showed higher levels of cellulosic fibres, for which their
potential impact is even more questionable (Mateos-Cardenas et al., 2021; Remy et al.,
2015). Simultaneous analyses of both biological and environmental field samples also prove
this species’ value as a bioindicator for local levels of plastic fibre pollution, as already

proposed by several authors (Cau et al., 2019; Fossi et al., 2017). It is more so if it is
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considered a species of stationary nature with limited mobility of the adults (Bonanno and

Orlando-Bonaca, 2018).

5.4.2 Heavy metals

Tissue levels of heavy metals did not display a clear spatial trend and, contrary to the trends
observed in plastic ingestion, individuals from Barcelona rarely displayed the highest levels
of any of the metal species analysed. Marine invertebrates accumulate trace metals mainly
from two different sources, seawater and diet, and the specificity of the metal is key in
determining their availability and uptake (Eriksson et al., 2013). With no further information
on trace levels of other tissues (i.e., hepatopancreas) and given the patterns in sediment
levels discussed afterwards, it is hard to elucidate the reasons behind the differences
observed. In general terms, the levels identified fall in the range of those previously reported

by Canli and Furness (1993) except Cd, here reported in much lower concentrations.

Analysis of Ti was included for future reference given the growing interest in TiO in the
plastic field, for it is widely used as a plastic additive (pigment), and because of food safety
reasons since the European Food Safety (EFSA) does no longer consider it safe for use as a
food additive (EFSA, 2021). As of Cd and Pb levels, for which there exist national regulations
for food (Commission Regulation (EC) No 1881/2006), concentrations observed in
abdominal muscle (0.004 and 0.26 mg - kg™ in w.w., respectively, in wet weight) were below
those established by the EFSA for crustaceans (0.50 mg - kg™ in w.w.). The most concerning
values regarding food safety issues would be those observed for As in abdominal muscle,
the main edible part of langoustines, even though there are no established threshold levels.
Our observed values (overall mean values of 21.33 mg - kg in w.w.) are similar to those
reported in a risk assessment study performed in Catalonia (Spain) on the presence of As in
marketed products (Fontcuberta et al., 2011). They reported mean values of 16.1 mg - kg™ in
w.w. inred shrimp and 7.83 mg - kg in w.w. in Norway lobster. The lower values reported
in N. norvegicus might be related to their potential origin. Red shrimp (c.f. Arisfeus
antennatus) would come from local fisheries (i.e. the same from our study) whilst marketed
N. norvegicus are mostly imported from the Atlantic Sea, which might be subjected to lower

levels of pollution (Ferrante et al., 2019).
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In terms of risk exposure for humans, it should be noted that these values refer to total As,
butitisits inorganic form that is considered to be a human carcinogen. Based on the results
of Fontcuberta et al. (2011), in these species’ inorganic As may represent only 2-3% of total
As. Moreover, when dietary intake of other sources of inorganic As, as well as their
bioaccessibility, were taken into account, they estiamted that rice, rather than shellfish,

would be the main contributor for inorganic As in the population of the study area.

Levels of trace metals in sediments were elevated in the Barcelona area, evidencing the
impact of these intense industrial and urban land uses again. Similar studies assessing the
presence of heavy metals along the Catalan coast have pointed out the same area for their
higher concentration values (Pinedo et al., 2014), and others have highlighted the role of
riverine inputs (Canals et al., 2006; Palanques et al., 2020, 2017). Even though stricter
environmental regulations and the increase in WWTPs and other corrective measures
applied in the last decades have contributed to a decline in trace metal pollution, monitoring
programs have shown that coastal water quality can still be affected by rain events

(Palanques et al., 2017).

Overall, levels observed for most metals were similar to or below those previously reported
levels in the area (Jordana et al., 2015; Palanques et al., 2017; Pinedo et al., 2014). When
comparing with probable effect concentrations established as reference levels to predict
toxicity levels (i.e., effects range-low (ERL), effects range-median (ERM) and toxic effect
threshold (TET)) (Long et al., 1995; MacDonald et al., 2000), only Ni and As were above the
ERL levels. Moreover, concentrations of As in sediments from Barcelona and the Ebro Delta
surpassed the established TET levels, thus suggesting that sediments in the area are heavily
polluted and adverse effects on sediment-dwelling organisms might be expected
(MacDonald et al., 2000). However, current research is being undertaken to re-evaluate the
ecological thresholds in the European Atlantic and Mediterranean waters, since natural
sources of As in these areas seem to be more relevant than in North America where the

threshold levels used for comparison were estimated (V. Besada, pers. comm.).
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5.4.3 OQverview of health condition

No correlations among any of the pollutants analysed and condition indices were observed
at individual levels, though site differences were observed. Individuals from the Ebro Delta
displayed slightly higher HSI indices than individuals from the other sampled sites, and
females from Barcelona had the highest GSI values. In the latter case, it would seem to be
related to the difference in size, whilst higher values of HSI could be the result of a better
condition thanks to more favourable environmental conditions in that area. Bailey et al.
(1986) described how the physical characteristics such as the sediment’s particle size
distribution and organic carbon content seemed to influence biological characteristics. For
instance, muddy sediments are more suitable for the construction and maintenance of
extensive burrow complexes and a significant correlation between areas with a finer
composition, higher population densities and also bigger individuals has been observed in

the Clyde Sea (Bailey et al., 1986; Campbell et al., 2009).

On the other hand, enlarged hepatopancreas can also be related to chronic toxic responses
due to the increased contribution of biotransformation enzymes (Crespo and Solé, 2016).
This hypothesis would only be partially supported by the determination of enzymatic
activities since the only significant differences observed were the mean higher LDH
activities in the Ebro Delta than other locations. Even though the variations observed could
as well fall in the natural variability of the species (Anto et al., 2009), elevated LDH activities
as a response to metal exposure have been demonstrated in fish (Vieira et al., 2009) and
individuals in the Ebro Delta showed the highest levels of several of the heavy metals known

to have an impact on this species (e.g. Zn, Mn, Co, Cu) (Eriksson et al., 2013).

Another significant correlation observed for enzymatic activities was that observed for the
total load of fibres and a potential inhibition of CAT as well as an increased GST activity.
This very same pattern of response was observed in gills of Scrobicularia plana exposed to
polystyrene microplastics under controlled conditions (Ribeiro et al., 2017). In that study,
the response observed, which was further coupled to changes in other biomarkers
(acetylcholinesterase, lipid peroxidation and superoxide dismutase), was related to an
oxidative stress response. Similar trends in these biomarkers have been correlated with
plastics in studies with fish (Alomar et al., 2017), small crustaceans (Jeong et al., 2017,

2016), mussels (Avio et al., 2015; Paul-Pont et al., 2016), and nematodes (Lei et al., 2018).
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All these findings suggest that plastics, in particular smaller particles, might induce the
formation of reactive oxygen species in different groups of organisms and that assessing
antioxidant enzymes might be suitable for environmental monitoring of plastic pollution
(Suman et al., 2021). Martinelli et al. (2021) described the presence of plastic particles,
mostly in the range between 50 and 100 pm, in the hepatopancreas. Given that the presence
of larger ingested plastics might be likely correlated with the levels of smaller particles,
especially considering the ability of the stomach in promoting the fragmentation of plastics
(Cau et al., 2020), further studies would be needed to test whether the trends observed in
enzymatic activities might actually be related to the presence of plastics in other tissues or

in sizes not assessed in this study.

No relevant histological alterations were identified other than occasional findings of what
looked like common host responses in crustaceans, probably involving haemocytes
surrounding and encapsulating an unidentified element (Battistella et al., 1996). The most
relevant though incidental finding was the observation of cyst-like structures in the
intestinal submucosa with aggregations of elongated to ovoid yeast-like cells in their
interior. These structures might resemble those described in edible crabs from the English
Channel co-infected by a yeast-like organism and Hematodinium sp. (Stentiford et al.,
2003). However, unlike it was described for crabs, other similar structures or free cells were
not observed elsewhere (i.e., in the hepatopancreas sinuses or the haemolymph
surrounding the hepatopancreatic tubules) nor were observed phagocytosed within
haemocytes. Further investigation is currently being undertaken to better describe and
characterise these structures and their potential etiological agent. It should also be noted
that Hematodinium spp. or other parasitic dinoflagellates commonly found in other
populations of the species (Stentiford and Shields, 2005) were not reported in individuals
from the Mediterranean Sea. Even though there exist certain limitations in a description
solely based on H&E stained preparations, heavily infected individuals, for which
aggregations of dinoflagellates would appear in the hepatopancreatic sinuses and infiltrate
into ovarian follicles were not observed (Field and Appleton, 1995; Stentiford and Neil,
2011). In broad terms, individuals did not show signs of pathological conditions compatible
with exposure to pollutants and tissue organization matched those considered normal in

other model species.
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In conclusion, our results demonstrate that both plastic ingestion and heavy metal
accumulation are common phenomena in the population of N. norvegicus from the NW
Mediterranean Sea. Some correlations with enzymatic activities were also observed, though
causation relationships can hardly be implied in field studies. In any case, a potential
oxidative response to plastic ingestion leading to the increase in GST activity and the
inhibition of CAT, and high LDH activities and HSI values that could be related to metal
exposure were observed. Given the absence of significant pathological alterations in target
organs as well as the absence of clear correlations between condition indices and the levels
of contaminants described suggest an overall good health status. However, particularly high
levels of As (above TET threshold levels) in sediments have been highlighted in the area
near Barcelona and the Ebro Delta, and further research would be needed to better assess
the potential impact at a community level. Monitoring programmes are also advised on the
levels of As in the edible portion to ensure food safety. The simultaneous characterization
of environmental and biological levels of plastic contamination has provided further
evidence of the great potential of this species as an indicator species for plastic pollution in
the environment. In broad terms, this multidisciplinary approach has proved a suitable
approach for a general health assessment of V. norvegicus with particular regards to

plastics and heavy metals.
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SUMMARY
Although the ingestion of plastics has been reported in a wide variety of organisms, there remains a lack of

knowledge regarding the extent of spatial and temporal gradients and no consensus concerning the definition
of monitor species for benthic marine environments. The present study describes and compares plastic
presence in stomach contents of several populations of Nephrops norvegicus across its European distribution
by using two different approaches. First, plastic presence and load are described in detail, including fibre
abundance and total fibre length, size distribution and polymer composition. Second, the prevalence of tangled
balls of fibres is used as a proxy for total plastic fibre ingestion. Overall, locations with increased levels of plastic
ingestion (e.g., the Gulf of Cadiz, N Barcelona and, partially, the Clyde Sea) also demonstrated higher levels of
prevalence of balls (up to 30% of the individuals), compared to other locations with lower values of plastic
ingestion and even the complete absence of balls (e.g., the Ebro Delta area, the NW Iberian margin). Differences
could not be attributed to differences in diet composition and probably reflect environmental differences. As a
result, observation of the prevalence of tangled balls of fibres, particularly in the well-studied Nephrops
norvegicus, is proposed as an affordable, cost-effective and easy to implement indicator of plastic ingestion in

benthic organisms and poses an excellent opportunity for established monitoring programs.
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6.1 Introduction

Although large-scale production of plastics began in the 1950s and the first recordings of
plastic debris in marine surface waters date back to the early 1970s (Carpenter and Smith,
1972), plastic pollution as a threat to marine ecosystems was largely ignored for many years
up until recently (GESAMP, 2015). After two decades of exponential increase in research
studies focused on this topic, plastic pollution is now widely recognised as a critical
environmental concern by the public, scientific communities and policymakers. During the
past decade, scientists have focused on describing the spread of plastic pollution,
systematically reporting the presence of plastics in a wide range of environments as well as
the digestive tracts of marine organisms (Li et al., 2016; Lusher et al., 2017; Provencher et
al., 2019), as well as studying their potential impact through a broad range of laboratory and
experimental studies (Foley et al., 2018; Jacob et al., 2020). Among plastic debris,
microplastics, defined as synthetic solid particles of varied shapes and sizes ranging
between 1 um and either 1 or 5 mm (Frias and Nash, 2019; Hartmann et al., 2019), have
received particular attention since they are perceived as a greater risk among marine
biologists because of their ubiquity, persistence and size that facilitates ingestion by biota

(Backhaus and Wagner, 2020).

As in any emerging field, recent efforts have also been directed to the adoption of standard
methods and monitoring guides, leading to rapid growth in the publishing rate of
methodological studies, reviews and guidelines (Cowger et al., 2020; Miller et al., 2017;
Provencher et al., 2017; Rocha-Santos and Duarte, 2015). However, we are still missing a
broad consensus on cost-effective protocols for monitoring microplastic litter and an
adequate prioritization of target species and environments necessary to lay the foundations

of an appropriate monitoring network.

In European waters, the Marine Strategy Framework Directive (MSFD, 2008/56/EC)
includes marine litter ingestion by biota as one of their descriptors for assessing the good
environmental status (D10C3). Member States are charged with establishing alist of species
to be assessed for plastic ingestion, which contrasts with the will of consistent criteria and
methodologies across the European Union. At the regional level, litter ingestion by northern

fulmars (Fulmarus glacialis) has been used in the OSPAR Common Indicator Assessment
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(EcoQO0) since 2007 in the North Sea, and the ingestion of litter by sea turtles has been
recently added as an indicator for the Bay of Biscay and Iberian coast (Decision of the
Committee on Environmental Impacts of Human Activities). Similarly, in the Mediterranean,
the Integrated Monitoring and Assessment Programme of the Mediterranean Sea and Coasts
and Related Assessment Criteria (implementation of the Regional Plan on Marine Litter
Management in the Mediterranean, UN Environment/Mediterranean Action Plan) has
selected the most common marine turtle species, Caretta caretta, as target species for
marine litter ingestion (IMAP Candidate Indicator 24). However, limited opportunities to
analyse plastic ingestion in these species exist for obvious reasons (level of legal
protection/conservation status, scarcity of deceased individuals and dependence on the
collection of faeces during the breeding season - in fulmars - or from by-caught individuals
- in turtles). Moreover, given their migratory behaviour, they can provide information on
plastic ingestion on large spatial and temporal scales but are unlikely to reflect local levels

of plastic pollution (Bonanno and Orlando-Bonaca, 2018).

On the other side, mussels (Mytilus edulis and M. galloprovincialis) have been long and
extensively used in monitoring programmes because of their sessile lifestyle, wide
distribution and filtering capacity that maximises the exposure and uptake of chemical
pollutants in the environment. Several studies have proved their potential usefulness in
monitoring microplastics (J. Li et al., 2016; Phuong et al., 2018), though the size range of
particles they can ingest is limited, they can only reflect pollution levels of highly coastal
areas, and sample processing is generally complex (digestion of whole tissues and high-
resolution identification methods needed). Given the constraints these species represent
for plastic monitoring and considering the diverse suite of contaminants that plastics and
microplastics are (Rochman et al., 2019), the use of multiple bioindicator species with
different characteristics might be a more practical approach. Nektobenthic and pelagic
fishes (Boops boops and Scombersp., respectively) and fish with great commercial interest
(Mullus sp., Trigia sp., Dicentrarchus labrax) have been suggested as potential candidates
thanks to their high availability and reported values of plastic ingestion (UNEP/MAP
SPA/RAC, 2018). Cau et al. (2019) recently discussed the potential use of the crustaceans
Aristeus antennatus and Nephrops norvegicus as flagship species for plastic contamination
in the deep-sea, given both their ecological relevance and value in fish markets and local

communities. Both crustaceans but especially V. norvegicus, also accomplish a valuable

94



feature to seek in a good monitor species, a wide geographical and depth distribution that

may allow for multi-scale comparisons of plastic ingestion data from different locations.

The Norway lobster Nephrops norvegicus (Linnaeus, 1958) was one of the first marine
species for which plastic ingestion was accurately reported. In 2011, Murray and Cowie
thoroughly described plastic contamination in individuals from the Clyde Sea and already
highlighted the potentially threatening presence of fibres (a prevalence of 83%), some of
them tightly tangled into balls. However, the presence of apparently synthetic items had
already been noticed by Bailey et al. (1986) during their thorough study of the ecology and
biology of langoustines in the Clyde. Similarly, the presence of strands recalling nylon
threads, presumably from fishing gears, was noted by Cristo and Cartes (1998) during their
comparative study of the diet of populations from the Mediterranean and adjacent Atlantic
shelf. During the past decade, other works have continued to report worrying values of
plastic ingestion again in the Firth of Clyde (Welden and Cowie, 2016a) as well as from
neighbouring Irish waters (Hara et al., 2020) and to a lesser extent in the Sardinian coast

(Cau et al., 2019).

The occurrence of tangled balls of fibres seems most likely related to the crustaceans
digestive system morphology and functioning that tangles plastic fibres rather than
breaking them down (Welden and Cowie, 2016b). This has been pointed out as an
aggravating factor since they may increase the percentage of foregut occupied by non-
nutritional elements causing a false satiation effect and increasing the retention time of
plastics (Welden and Cowie, 2016b). Prolonged experimental exposures to synthetic fibres
through the diet have led to a significant decrease in the feeding rate and ultimately to a
reduction in body condition (Welden and Cowie, 2016b). On the other side, the increase in
size as a result of the entanglement of fibres might ease the determination of plastic
presence during screening processes of stomach contents as they can be directly identified
with no need for complex procedures (e.g., digestion, density-separation, filtration, staining
methods). Therefore, they pose an excellent opportunity for routine monitoring networks
where fast and cheap methods are needed given the severe resource restraints that

environmental management faces.

The aim of this study is to propose the use of the prevalence of tangled balls of fibres as an

easy and affordable indicator for plastic ingestion monitoring in the flagship species
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Nephrops norvegicus. To achieve this aim, we undertook a comparison of two measures of
plastic quantification from wild-caught individuals from across the species range, including
from areas where plastic ingestion has never been described in this species or from past
periods (1990-1992). Quantification methods include a detailed description of plastic
ingestion and an extended comparison of the prevalence of tangled fibres (balls).
Differences in diet composition among populations and their potential influence over

plastic ingestion levels are also discussed as potential drivers of plastic uptake.

6.2 Materials and methods
6.2.1 Detailed description of plastic ingestion

Individuals of Nephrops norvegicus were collected from several locations across its
European distribution, mainly on board of Research Vessels but also in collaboration with
commercial fishing vessels in the framework of different research projects. All samples for
the detailed description of plastic ingestion were collected in late spring or summer, from
common fishing grounds at depths around 70 m (Clyde Sea) and 200 and 560 m (Gulf of
Cadiz and Balearic Sea). In some locations, more than one sampling was performed (Fig. 1,
Table 1A). Adult individuals from the Clyde Sea and the Gulf of Cadiz were immediately
frozen or dissected and the stomach stored in ethanol. Adult individuals from the Balearic
Sea were immediately fixed in Davidson’s fixative (72 h) and then transferred and stored in
ethanol. Cephalothorax length (CL, in mm), total weight (TW, in g), sex and carapace
hardness (hard, soft or jelly) were recorded. The moulting stage was determined based on
carapace hardness (before fixation); that is, individuals with hard carapaces were
considered to be at the intermoult stage, jelly ones were considered post-moult, and soft

ones to either be in early intermoult periods or a post-moult stage (Milligan et al., 2009).

Once in the laboratory, stomach contents were visually inspected under a stereomicroscope
(40x) for plastics. Any suspected items were separated, classified as fibres (on the basis that
one dimension was more than three times the other) or other-shaped items and observed
through light microscopy (100-200x). Items with cellular or organic structures (e. g.
ornamentation or segmentation) were discarded. Images were taken for the remaining

items from which measures were recorded (minimum and maximum diameter, and total
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area for fragments, diameter and total length for fibres) using the AutoCAD 2018 software
(Autodesk, Inc).

Fibres were further categorised (magnification 400x used) according to their visual
appearance following predefined criteria (Carreras-Colom et al., 2020; Rodriguez-Romeu et
al.,, 2020; Zhu et al., 2019) into six categories (Supplementary Material Table S1). All
fragments and a subsample (ca. 5%) of each of the fibre categories were analysed through
FTIR with a Tensor 27 FTIR spectrometer (Bruker Optik GbmH) equipped with a diamond
attenuated total reflectance (ATR) unit (16 scans - cm™). The resulting spectra were treated
(baseline corrections, peak normalization and selection of characteristic band, i.e. 860-1800
and 2800-3400 cm™) and then matched with personal and reference databases (Carreras-
Colom et al., 2018; Primpke et al., 2018) using Spectragryph v1.2.15 (Menges, 2021). Spectra
matching with a QI = 0.7 were accepted; those between 0.55 < QI < 0.7 were further explored

visually to assess matching representative peaks.
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Fig. 1. Sampling locations on individuals of Nephrops norvegicus analysed for the presence of
plastics (black diamonds), diet studies (white dots) and both (white diamond). Coordinate system
used: WGS 84. Base maps retrieved from Web Map Servers: bathymetry (EMODnet Digital Bathymetry
Consortium), depth contours (Instituto Espafnol de Oceanografia, 2016), rivers (European
Environment Agency, 2018).
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Table 1. Sampling data (location, coordinates, mean depth (d) and date of the hauls) and prevalence of
plastics in individuals of Nephrops norvegicus analysed for (A) the detailed description of plastic
ingestion and (B) fast screening of the prevalence of balls and diet analysis. 7z number of individuals
analysed. R: items other than fibre-shaped ones; F: fibres of all types (isolated or tangled); B:
aggregations of tangled fibres. Superscript numbers indicate that  material obtained from the same
sampling was used for different purposes and @ that the same location was targeted in different periods.
Different superscript letters indicate significant differences among samplings.

Sampling data n %R % F % B

Location Latitude Longitude d Date

A. Detailed description of plastic ingestion

Clyde Sea CS1 55"3954'N 5°00.67W 70 May 2019 30 3.3 56.72 3.32
CS2 August 2019 30 0 83.3»  23.3"
Gulf of Cadiz GC 36°3040°'N 6"41.30W 325 May 2017 241 0 83.33>  33.3P
Balearic Sea
Costa Brava CB1 41°31.26'N  3°05.03'E 327 July 2018 20 0 75.02 5.02
CB2 41°29.72°’N 3°04.85E 355 July2019 20 0 75.0%  20.0%
N Barcelona? NBO 41°14.49’N 2° 2738 E 560 July 2007 20 0 90.0®> 30.0"
NB1 41°1430°'N 2°21.23'E 380 July 2018 20 50 85.0% 350"
NB2 41°15.64'N 2°26.72'E 380 July 2019 20 5.0 85.0% 20.0%
Ebro Delta ED1 40°19.96'N 1°19.23'E 200 September 2018 20 0 70.0% 0
ED2 40°09.94'N 1°13.80'E 230  July 2019 20 0 95.0° 0
B. Prevalence of balls and analysis of diet composition
NW Iberian margin 42°20.10' N 97 25.000 W 95 September 2004 51 0 0
43°34.40'N 8°47.20W 350 September 2004 9 0 0
Gulf of Cadiz 36°30.40°N 6°41.300W 325 May 2017 32+24! 9.4 30.3
Alboran Sea 36°27.33 N 4°3416°E 225 May 2017 10 0 0
Balearic Sea
N Barcelona? 41°15.76'N 2°27.30'E 430 January 1990 20 0 0
41°15.76'N  2°27.30'E 430 September 1990 14 0 0
41°15.80'N  2°28.13'E 428 December 1990 31 0 0
41°15.80'N 2°28.13'E 428 February 1991 23 0 0
41°15.76'N  2°29.75'E 430 March 1991 42 0 0
41°14.92'’N  2°16.54'E 275  April 1991 16 0 0
41°13.49'N 2°17.60'E 347 April 1991 15 0 0
41°14.24'N  2°2429'E 380 November 1991 9 0 0
41°1590'N  2°28.72'E 424 November 1991 10 20.0 0
41°15.80'N 2°28.13'E 428 February 1992 15 0 0
41°14.88'N  2°29.71'E 504 April 1992 25 8.0 0
S Barcelona 41°08.50'N  2°03.69'E 425 November 1990 34 8.8 8.8
41°08.13'N 2°03.49'E 390 April 1991 15 6.7 13.3
41°07.70'N  2°0442'E 457 April 1991 37 0 5.4
41°05.61'N  1°59.64'E 395 May 1991 31 0 0
41°08.55'N 2°09.50'E 427 November 1991 18 0 5.6
41°07.45'N  2°04.20'E 355 March 1992 14 0 28.6
41°08.08' N 2°03.54'E 422 July 1992 17 11.8 5.9
Tarragona 41°00.15'N 1°34.30'E 334 May 1992 24 0 0
40°56.60'N  1°35.60'E 532 May 1992 5 0 0
Ibiza 39°13.05'N  1°21.50'E 525 May 1992 19 0 0
39°12.35'N 1°25.75'E 456 May 1992 45 0 0
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For each individual, the total load of synthetic fibres was estimated by the sum of fibres
(fibre abundance) and the sum of lengths of fibres (total fibre length). These parameters
were also calculated according to the fibre size (only abundance) and the polymer

composition.

6.2.2 Extended data on the prevalence of balls and analysis of diet composition

A second analysis, including the determination of the prevalence of balls and the analysis
of diet composition, was conducted on additional adult individuals sampled from the NW
Iberian margin (September 2004), the Gulf of Cadiz (May 2017), the Alboran Sea (May 2017),
and the Balearic Sea (throughout the years 1900-1992) at depths ranging between 95 and
504 m (Fig. 1, Table 1B). Size (CL, in mm), total weight (TW, in g) and moulting stage were
recorded before dissection. Stomach contents were observed under the stereomicroscope
and the presence of aggregations of tangled fibres (balls) and potentially synthetic

fragments (> 1 mm) was recorded.

Prey was identified to the taxonomic level of group or family. Stomach contents were also
weighed (CW, 0.1 mg). Since prey items were often not possible to weigh directly, their
weight was estimated after the percentage volume occupied in stomach contents using the
subjective points method (Swynnerton and Worthington, 1940), a methodology used in
previous work on crustaceans diet (Cartes, 1994). Shannon-Wiener index (H') (Shannon and
Weaver, 1948) and Evenness (J') (Pielou, 1975) were used to calculate trophic (diet)
diversity. Feeding intensity was estimated through stomach fullness (F) as follows
F=CW/TWx100, in wet weight. In addition, prey items were classified into three ecological
categories based on their habitat, swimming capacity and most likely location on the water
column when ingested: planktonic-hyperbenthic (siphonophores, cephalopods,
euphausiids, hyperiid amphipods, copepods, mysids, decapod crustaceans (Pasiphaeidae
and Sergestidae), and myctophid fish), epibenthic (porifers, cnidarians (Hydrozoa),
gastropods, pteropods, scaphopods, polychaetes (Serpulidae and Aphroditidae), brachyurs,
decapod crustaceans (V. norvegicus), gammarid amphipods, isopods and fish remains), and
endobenthic (foraminiferans, sipunculids, bivalves, polychaetes (Glycera sp. and
Eunicidae), decapod -crustaceans (Alpheus glaber), cumaceans and tanaids). The

contribution (in percentage) of each category to the diet of each individual was calculated.
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6.2.3 Quality assurance and quality control (QA/QC)

Dissection of individuals for the detailed analysis of plastics (section 2.1.; see Table 1A for
details) was conducted in a safety cabinet when possible and screening of stomach contents
was performed using an isolation device for the stereoscope (similarly to that used by Torre
et al., 2016). All material used (scissors, tweezers and Petri dishes) were rinsed three times
with filtered water (50 pum metal sieve) before use. To check for potential airborne
contamination clean Petri dishes filled with filtered water were placed as close to the
samples being screened as possible. Any fibres found in the stomach contents matching
the characteristics of those found in the controls were discarded. That is colourless wrinkled
fibres (resembling cellulosic fibres) placed on top of the water surface that also appeared
not mixed with stomach contents nor covered with organic matter in the screening samples.

No other corrections were performed.

During the analysis of diet composition (section 2.2.; see Table 1B) no strong specific
measures were taken to prevent airborne contamination. Only the percentage of balls and
macro-sized fragments was recorded in these examinations, and these categories are
unlikely to come from airborne contamination during visual screening processes.

Subsequently, no corrections of any type were performed.

6.2.4 Statistical analysis

Data was grouped according to location (Clyde Sea, NW Iberian margin, Gulf of Cadiz,
Alboran Sea, Ebro Delta, Tarragona, S Barcelona, N Barcelona, Costa Brava and Ibiza) and
sampling point (when different samplings were performed at the same location in different
periods, e.g., in the Clyde Sea in May and August or in the Costa Brava in 2018 and 2019)
and values of prevalence and mean load of plastics were calculated accordingly. Given their
rare occurrence, fragments were not considered in the following analyses. Differences in
the prevalence and mean load (in terms of abundance and total fibre length of all fibres and
tangled fibres alone) among locations and samplings were tested using Chi-squared
analysis and non-parametric Kruskal-Wallis tests, respectively. Post-hoc pairwise
comparisons were performed using the Dunn’s Multiple Comparison Test using Holm's

method for p-adjustment. Differences in the size distribution of ingested fibres among

100



locations were further examined by comparing the histograms of size frequencies by
calculating the Kolmogorov-Smirnoff distance and testing for differences using
bootstrapping. Differences in polymer composition of fibres among locations were tested
through the PERmutational ANalysis Of Variance (PERMANOVA) on the Bray-Curtis
distance-based resemblance matrices of square-root transformed data. The indicator value
of each polymer was calculated using the Dufrene-Legendre indicator species analysis.
Relation of the factors size, sex, moulting stage, stomach fullness and presence of balls with
the prevalence and the total load of ingested plastics was also tested using Chi-squared
analysis and by fitting generalized linear models using the logistic model for the prevalence
and the poison distribution for the abundance and total length of fibres. Spearman’s

correlation among plastic descriptors and biological variables were calculated.

Analysis of diet composition was done independently of sex since there are no reported
differences in feeding between males and females (Mytilineou et al., 1992). To prevent
underestimation of soft prey items, nearly empty stomachs were not considered (gut volume
<15%). Principal Coordinate Analysis (PCoA) techniques were used to visualize potential
patterns in diet composition among locations and in relation to the presence/absence of
balls. Differences were further tested using PERMANOVA analysis. First, analyses were
performed using the complete diet matrix considering 14 prey groups (Foraminifera,
Porifera, Sipuncula, Cnidaria, Bivalvia, Cephalopoda, Gastropoda, Other Mollusca,
Polychaeta, Euphausiacea, Decapoda, Other Crustacea, Echinodermata and Osteichthyes).
Then, analyses were performed considering the relative proportion of plankton-
hyperbenthos, epibenthos, and endobenthos over the total of prey items identified. Square-
root transformation was applied on the raw data matrix and Bray-Curtis distance-based
resemblance matrix used. Differences in stomach fullness and diversity indices among
locations and in relation to the presence/absence of balls were tested using Kruskal-Wallis

tests.

All analyses were performed using the statistical software R, version 3.6.3, and using the
packages “dunn.test” (non-parametric post-hoc comparisons), “Hmisc” (correlations),
"vegan” (PERMANOVA and PCoA) and “labdsv” (indicator value). Significance level was set
at p < 0.05 for all tests.
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0.3 Results

6.3.1 Analysis of plastic ingestion

Detailed analysis of plastic prevalence and load

A total of 1738 fibres and 18 non-fibre-shaped particles (98.96 and 1.04% of the total,
respectively) were identified from 224 adult Nephrops norvegicus. All non-fibre-shaped
items were identified as synthetic: a rubber-like fragment made of polydimethylsiloxane
(silicone), a thin and threaded laminate of polyethylene and fifteen sticky thin film-like
particles of polychloroprene (a component of neoprene) (Fig. 2). Polymer identification
from a subsample of fibres (6.26%) revealed that over 96% were of synthetic composition,
being the residual 4% representatives of the same category, associated to cellulose
(Supplementary Material Table S1, category F). Five synthetic polymers were identified in
fibres: polyethylene terephthalate (polyester, PET), polyamide (PA), acrylonitrile (acrylic,
Acr), polypropylene (PP) and polyethylene (PE). The accurate visual approach to
categorisation of fibres was considered appropriate since items classified into the same
visual category were identified as the same polymer in > 75% of the cases (Supplementary
Material Table S1). Results of polymer identification on predefined categories of fibres were
therefore used to define the most likely polymer composition of all fibres not analysed by
means of FTIR. Cellulosic fibres were estimated to account for less than 2.5% of all fibres
identified, with lengths ranging between 0.47 and 5.36 mm and mean values < 0.6 mm -

ind". These cellulosic fibres were not taken into account in further analysis.

Overall, 77.8% of the individuals were observed to have at least one synthetic fibre and
12.5% also showed aggregations of more than five tangled fibres (balls) (Table 1A). Only
three individuals (1.3%) were seen to contain particles other than fibres. The proportion of
individuals with fibres, which ranged between 56.7 and 95.0%, did not significantly vary
among locations (p > 0.05), neither did the prevalence of balls (p > 0.05), yet it should be
noted that none of the individuals sampled from the Ebro Delta area were seen with a ball
in their stomach (not included in the former analysis) (Table 1A). Marginally significant
differences were observed among samplings for the prevalence of fibres (X* = 16.14, df = 9,
p = 0.06) with individuals sampled from the Clyde Sea in May having a lower prevalence

compared to those sampled in August. Pairwise comparisons in the prevalence of balls
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among samplings also revealed significant differences, pointing out the smaller prevalence
of balls also in the May sampled individuals from the Clyde Sea (3.3%) compared to those
sampled in August in the same area (23.3%) or from the Gulf of Cadiz (33.3%) and N
Barcelona (2007 and 2018 samplings; 30 and 35%, respectively) (Fisher’s test; p < 0.05).
The prevalence of balls in the Gulf of Cadiz also differed significantly from that of individuals

from the Costa Brava in 2018 (5%) (Table 1A).

The number of synthetic fibres identified in the stomach contents of a single individual
ranged between 0 and 75, with an average value of 7.60 + 12.01 fibres - ind". Significant
differences were found when comparing mean values among locations (Kruskal-Wallis X* =
15.21, df = 4, p = 0.004) and samplings (Kruskal-Wallis X*> = 32.76, df = 9, p < 0.001) (Table
2). The highest fibre abundance was seen in langoustines from the Gulf of Cadiz, followed
by individuals from the August sampling in the Clyde Sea and N Barcelona (all three
samplings). In contraposition, lower values were found for the Ebro Delta and Costa Brava
samplings, and the May sampling in the Clyde Sea. Similar trends were seen for the total
fibre length among locations (Kruskal-Wallis X? = 11.23, df = 4, p = 0.02) and samplings
(Kruskal-Wallis X* = 33.01, df = 9, p < 0.001) for which also higher values were found in the
Gulf of Cadiz and N Barcelona samplings compared to the Costa Brava and Ebro Delta
locations, particularly in those individuals sampled in 2018 (Fig. 3A, Table 2). Post-hoc
comparisons revealed that differences among samplings from each location were not
significant except for the Clyde Sea, for which a decreased fibre abundance and total load
was observed in May compared to August, and in the Ebro Delta where the mean abundance

of fibres was higher in 2019 compared to 2018.

Diameters of fibres ranged between 0.013 and 0.22 mm, with mean values of 0.03 mm, and
lengths varied between 0.1 and 44.7 mm. The most abundant fibres were those with lengths
comprised between 1 and 10 mm, classified as meso-plastics (Hartmann et al., 2019), and
corresponding to more than 60% of the fibres identified in every location. Micro-sized fibres
(0.2-1 mm) were highly variable among locations (9.0-35.7%) and were always more
abundant than macro-sized fibres (>10 mm), which only contributed to more than 5% of the
fibres identified in August’s Clyde Sea and Ebro Delta’s samplings (Table 2). Kolmogorov-
Smirnoff test on the fibre size distribution revealed significant differences among locations
with individuals from the Costa Brava having a shifted distribution towards longer fibres

compared to those from the Clyde Sea (K-S; D = 0.1631, p = 0.0025) or N Barcelona
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(K-S; D=0.173, p < 0.001), especially if only tangled fibres were considered (Supplementary
Material Fig. S1). Considering fibres from all locations together, significant differences were
observed between the size distribution of fibres found not tangled into balls (isolated) and
those tangled in balls, with the latter having a greater proportion of long fibres (K-S; D =
0.159, p < 0.001).
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Fig. 3. Mean values of fibre load per individual found in stomach contents of Nephrops
norvegicus sampled from several locations (Clyde Sea, Gulf of Cadiz, Costa Brava, N
Barcelona and Ebro Delta) considering (A) the mean total fibre length per individual
(mm - ind?) of all fibres and of tangled fibres alone and (B) the mean total fibre length
per individual (mm - ind!) according to their polymer composition. PET: polyethylene
terephthalate (polyester); PA: polyamide; Acr: acrylonitrile (Acrylic); PE: polyethylene;
and PP: polypropylene). See Table 1 for details on sampling codes provided.

Several colours were identified, being the transparent fibres the most predominant (67.0%)
followed by yellowed and brownish ones (8.9%), black (8.8%), red (7.1%) and blue (5.9%)
fibres. Only in the Gulf of Cadiz one individual was observed with a high contribution of

green fibres (11.6% of all fibres in that sampling location).
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Table 2. Mean values of fibre load in terms of abundance (of all fibres, of tangled fibres only, and according to their length (FL): macro-, meso- and micro-) and total
fibre length (of all fibres and of tangled fibres only) in stomach contents of Nephrops norvegicus sampled from the Clyde Sea (CS), the Gulf of Cadiz (GC) and several
sites in the Balearic Sea (Costa Brava, CB, N Barcelona, NB, and Ebro Delta, ED). Different superscript letters among rows indicate significant differences among

locations (uppercase letters) and samplings (lower case letters).

Sampling . .
4 Abundance (n - ind®) Sum of lengths (mm - ind?)
code
all fibres tangled fibres macrofibres mesofibres microfibres all fibres tangled fibres
(FL = 10 mm) (1=FL > 10 mm) (0.2=FL >1mm) mm - ind?! mm - ind?!
mean = SD mean = SD mean = SD mean = SD mean + SD mean + SD mean = SD
Clyde Sea 7.00+11.904 1.80 +5.32 A€ 037+0.824 530+8.944 1.48 + 3.86 AP 2144 +36.424 9.04 +23.844
CS1 2.77+449% 0.40+2.19¢% 0.10+0.402 1.67 +2.89° 1.00+265% 6.42+12.40% 1.64+9.00%
CS2 11.23 £15.20°" 3.20+6.98" 0.63+1.03" 8.63+11.14" 1.97 4772 36.46 +45.59°" 16.27 +31.01°"
Gulf of Cadiz 13.08 +13.49 8 6.08 + 11558 0.54 + 1.444 10.42 +10.52 8 2.25 +4.024 40.79 + 48908 23.50 +44.13 B
GC 13.08 +13.49°" 6.08 £11.55" 0.54 +1.44% 10.42 +10.52°" 2.25+4.022 40.79 +48.90° 23.50 +44.13°
Costa Brava 435+5394 0.90+3.004 0.10+0.384 3.88+4954 0.45 + 0.68 4B 13.19+17.724 3.92+11.114
CB1 2.50+2.50¢% 0.25+1.12% 0.10+0.45° 210+ 2.22¢%« 0.30+0.472 6.93 +9.05 * 1.64+7.35%
CB2 6.20 £ 6.80° 1.55+4.05" 0.10+0.31% 5.50 + 6.24 P 0.60+0.822 19.46 + 21.90 "¢ 6.20 £13.73
N Barcelona 10.78 £+ 16.19 8 478 +12.79 B¢ 0.20+0.554 8.10+10.61°% 2.58 +7.69 4B 28.06 +37.97 8 13.43+30.30°%
NBO 9.40 +13.36" 3.60+8.36" 0.10+0.312 6.85+9.31° 245+435¢% 21.56 £ 26.18" 9.24 +17.17°"
NB1 10.40 + 14.08 " 4.35+10.52" 0.40+0.82% 9.05+11.67" 0.95+2.04¢® 34.16 +44.20°" 16.84 + 33.64
NB2 12.55 +20.78 " 6.45+17.96" 0.10+0.31% 8.15+11.17°" 430+12.432 28.45+41.88" 14.20 + 37.32 %
Ebro Delta 3.68+3.964 0.00+0.00 0.20+0.464 3.10+3.484 0.53 +0.82B 11.92+13.36 4 0.00+0.00
ED1 215+2.762 0.00 £ 0.00 0.15+0.37% 1.65+1.84% 0.35+0.81¢% 7.11+10.12 % 0.00 £ 0.00
ED2 520 +4.44" 0.00 +=0.00 0.25+0.55% 4.35+4.18"% 0.60+0.682 16.73 + 14.67 * 0.00 £ 0.00
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Multivariate analysis on polymer composition showed significant differences according to
location and sampling (PERMANOVA; p < 0.001). In the Balearic Sea, in general, PET was
the predominant polymer (~60%) followed by PA and Acr, whose contribution ranged
between ~20-30% and ~15-20%, respectively (Fig. 3B, Supplementary Material Table S2).
The greatest variations to this pattern were observed in individuals sampled in 2018 in the
Costa Brava, where PET represented roughly one third of the total fibre load and PA took up
to ~50%, and in 2019 in the Ebro Delta, where the relative proportion of Acr fibres raised to
>30%, the highest value throughout the study. In both locations, the contribution of PP was
also higher (~6%) compared to the rest of samplings in the Balearic Sea (<4%). Great
similarities were found in the polymer composition of individuals sampled in August from
the Clyde Sea and from the Gulf of Cadiz, with PET contributing to nearly half of the fibre
load, being followed by PA (Fig. 3B; Supplementary Material Table S2). Finally, the highest
contributions of PA (nearly 60%) and PP (~15%) were observed in individuals sampled in
May from the Clyde Sea. Overall, PET and PA were identified as the polymers with the
highest indicator value. PE was the least common polymer observed in fibres, representing
less than 1% of the fibre load in the locations where it was identified (N Barcelona and Ebro

Delta only).

Overall, general descriptors of fibre load (abundance and total length of fibres) were
positively correlated among them (rho > 0.6), with the abundance of meso-plastics and total
length of PA and PET fibres showing the highest correlation with the total load (rho > 0.95)
(Fig. 4). The presence of balls was significantly related to higher levels of total plastic load
in terms of abundance (GZM; z = 37.46, p < 0.001) and total length of fibres (GZM; z=68.35,
p < 0.001).

Direct analysis of the prevalence of balls

From the total of 605 individuals screened for the presence of balls, only individuals from
the Gulf of Cadiz and S Barcelona were observed with aggregations of tangled fibres, with
values of prevalence ranging between 0 and 30.3% (Table 1B). Fragments were also found
in these locations (prevalence ranging between 6.7 and 11.8% in those locations with

positive individuals) and in two samplings performed in N Barcelona, with values of
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prevalence of 8 and 20% % (Table 1B). In particular, the samplings in S Barcelona showing
the highest values of prevalence of balls (up to 28.6%) were those performed at the mouth
of a submarine canyon (La Berenguera; S Barcelona). No fragments nor balls were recorded
in individuals from the NW Iberian margin, the Alboran Sea, Ibiza or other areas along the
slope of the Balearic Sea (N Barcelona and Tarragona). Available data does not allow for

further analysis of monthly or yearly trends.
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Fig. 4. Spearman’s correlations among biological variables (CL: cephalothorax length; F: index of
stomach fullness) and mean fibre load descriptors: abundance and total fibre length of all fibres
and tangled fibres alone, abundance of fibres according to their size (micro-, meso- or macro-)
and total length according to their polymer composition (Acr: acrylonitrile (acrylic); PA:
polyamide; PET: polyethylene terephthalate (polyester); PE: polyethylene; PP: polypropylene) for
each individual.
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6.3.2. Relationship plastic load with biological variables and diet

Drivers of plastic load

No significant correlations were observed among plastic descriptors and biological
variables during the detailed analysis of plastic ingestion (Fig. 4). Further analysis on the
influence of size, sex and stomach fullness over the prevalence of fibres and balls and the
abundance and total length of fibres also showed no significant effects (p > 0.05). Only for
individuals sampled in August from the Clyde Sea a negative significant relationship was
observed between the load of fibres and individuals’ size (GLM; z = -2.44, p = 0.016) as well
as a higher load of fibres in females (GLM; z = -4.47, p < 0.001), though the number of

females analysed was low (5 out of 30). Analysis on the relationship with the

moulting stage was limited to the Gulf of Cadiz since most of the individuals analysed in the
rest of the locations were considered to be at the intermoult stage. In the Gulf of Cadiz, a
significantly reduced prevalence of fibres and mean load of fibres were seen in individuals
at the post-moult stage (Fisher’s exact test p = 0.005 for the prevalence of fibres; z = -3.22,
p = 0.0013 for the abundance of fibres) compared to those at intermoult. Prevalence of balls

was also marginally higher in individuals at intermoult (Fisher’s exact test, p=0.054).

Analysis of diet composition

The diet of Nephrops norvegicus mainly consisted of decapod crustaceans, fish remains
(great frequency of occurrence of vertebrae, otoliths and scales), gastropods and
polychaetes. Unidentified items, mainly amorphous soft portions that could not be identified
with certainty but in some cases resembled tissue of molluscs, also accounted for a
significant proportion of diet (~20% of the total weight). Empty stomachs were frequent,
particularly in the NW Iberian margin (32 out of 61), and the values of stomach fullness
significantly varied among locations (KW, X?*=51.63, df =5, p < 0.001), being the individuals
from S Barcelona the ones with the lowest stomach repletion, whereas the highest values
were observed in individuals from N Barcelona, the Gulf of Cadiz and Ibiza. In terms of
diversity indices, significant differences were observed for Shannon’s diversity index (H’;

KW; X?=47.08, df = 6, p < 0.001), with the highest values observed in the Gulf of Cadiz, but
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no significant differences were found in terms of evenness (J’; p > 0.05) (Supplementary

Material Table S3).

PCoA analysis revealed great variability in the diet composition with no clear trends
according to location (Fig. 5A). Results of PERMANOVA analysis showed significant
differences among locations (pseudo-F=7.93, p < 0.001), though these results should be
taken with caution since significant differences in the dispersion (variance) among groups
were also observed (PERMDISP implemented in R; p < 0.05) and these might be driving the
observed PERMANOVA differences given the unbalanced number of individuals analysed
per location. Based on the relative proportion of weight for each prey group (Supplementary
Material Table S3), individuals from the Gulf of Cadiz were seen to contain a high proportion
of echinoderms and cnidaria representatives along with decapod crustaceans, whereas in
the Mediterranean Sea, both the Balearic (except for individuals from Ibiza) and the Alboran
Sea areas, were characterised by the high contribution of decapod crustaceans and
unidentified items. In the continental slope of the Balearic Sea gastropods were also
abundant in stomach contents. Individuals from Ibiza showed a high contribution of fish
remains, polychaetes and crustaceans. Finally, in the NW Iberian margin, decapod
crustaceans and fish were the main contributors followed by other crustaceans and

cephalopods.

The presence of balls was associated to practically all prey items considered (Fig. 5A), with
the exception of fish remains. Since the highest part of N. norvegicus diet is based on
benthic prey (epi- and endobenthic invertebrates) the occurrence of balls seems rather
associated with such compartments, particularly decapods and other crustaceans (Fig. 5B).
However, no significant differences were found when comparing the diet composition of
individuals with and without the presence of balls in the Gulf of Cadiz alone, neither when
using the detailed diet composition (14 prey groups; unidentified items not included) nor
when classifying prey items into plankton and hyperbenthos, epibenthos and endobenthos
(plot not included, PERMANOVA; p > 0.05). In the former case, balls were - slightly - less
associated with foraminiferans (small meiofauna) and euphausiids (zooplankton) (Fig. 5B).
No differences were observed in terms of stomach fullness (F) or diet diversity indices (H’

and J") (KW; p > 0.05).
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Fig. 5. Principal Coordinate Analysis (PCoA) on the diet composition (14 prey groups established) of

Nephrops norvegicus considering (A) all locations sampled and (B) individuals of the Gulf of Cadiz
alone to maximize the comparison between individuals with and without aggregations of tangled
fibres (balls). Arrows depict the Spearman’s correlation of each of the prey-groups considered.
Acronyms used: fora - Foraminifera, pori - Porifera, sipu - Sipuncula, cnid - Cnidaria, biva - Bivalvia,
ceph - Cephalopoda, gast - Gastropoda, otmo - Other molluscs, poly - Polychaeta, euph -
Euphausiacea, deca - Decapoda, otcr - Other Crustacea, echi - Echinodermata, fish - Osteichthyes.

6.4 Discussion

The present study represents an extended quantification of plastic ingestion, particularly
fibres, in several populations of the Norway lobster, Nephrops norvegicus (Linnaeus, 1978).
The variability observed in the prevalence and load of fibres and balls among locations gives
further support to the promising value of this species as a potential monitor species for
plastic pollution. In particular, the use of the prevalence of balls alone appears to be a good
affordable indicator of increased plastic ingestion when comparing among populations and

time periods.

6.4.1 Description of plastic ingestion

Our results reveal that ingestion of plastics is common in this species in several locations
across its geographical distribution, reaching values of up to 80-90% of prevalence of fibres
and 20-30% of balls in those areas with the highest level of ingestion. Similar values of high

prevalence have been repeatedly reported in the Clyde Sea (83%: Murray and Cowie, 2011;
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84%: Welden and Cowie, 2016a), the North Irish Sea (83.3%: Hara et al., 2020) and in
Sardinian waters (83%: Cau et al., 2019). Even a total prevalence (100%) has been identified
in the Adriatic Sea (Martinelli et al., 2021), yet in this case, the characterization included
particles down to 20 pm thanks to a complex process of enzymatic digestion of the digestive
system followed by a high-resolution pFTIR characterization, therefore being hardly
comparable to our results. In contrast, low values of prevalence in this species have also
been described in other areas like the Balearic Islands (38%, Alomar et al., 2020) and the
North Adriatic Sea (10%, Avio et al., 2020) and even though limited sample sizes were used
(n = 8-10), in both cases these low values were attributed to potentially site-specific
differences. In our case, the lowest prevalence of plastics observed, in individuals from the
Ebro Delta, still represented more than 50% of the individuals with at least one plastic item.
The mean abundance reported (2.15 + 2.76) falls in the range of the maximum values
identified in other locations, e.g., 2.30 + 2.47 particles per individual in the Irish Sea and
4.65 particles per individual (estimated from abundance and prevalence values given) in
the Adriatic Sea (Cau et al., 2019; Hara et al., 2020). Although none of the studies conducted
in the Clyde Sea reported abundance values, the highest values of plastic load reported was
> 0.2 mg (Welden and Cowie, 2016a), much higher than in the present study (we estimate
that in the Gulf of Cadiz where we identified the highest load, roughly 0.038 mg of plastic

were present).

In terms of size, shape and polymer composition, both similarities and differences from
reported values can be found. For instance, we observed a great dominance of fibres (over
98%) as previously observed in the Clyde Sea (Murray and Cowie, 2011; Welden and Cowie,
2016a) and Irish waters (Hara et al., 2020), where both the predominance of fibres and the
frequent occurrence of balls were pointed out. On the other hand, in the Adriatic Sea, Cau
et al. (2019) reported that only 14% of the items observed were filaments and later Martinelli
et al. (2021) also observed a greater incidence of small fragments. Neither of them reported
aggregations of tangled fibres which, given their common occurrence in other locations,
points out the need for checking whether their methodologies (i.e., digestion) were suitable
for the identification of tangled fibres. Other similar species like the deep-sea shrimp
Aristeus antennatus (Carreras-Colom et al., 2020, 2018) or the brown shrimp Crangon
crangon (Devriese et al., 2015) have also been reported with a clear dominance of fibres

over fragments, a bias that might reflect that fibres are more easily ingested and retained in
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decapod crustaceans (Welden and Cowie, 2016a). Following the identification of synthetic
fibres in 67% of the specimens analysed, Avio et al. (2020) suggested that fibres might be
more likely to occur along densely populated coastlines due to their potential textile origin,
thus suggesting that the dominance of fibres among ingested plastics might be also related
to environmental differences. Findings of great predominance or even unique presence of
fibres in sediments from submarine canyons in the NW Mediterranean Sea (Sanchez-Vidal
etal., 2018), sediments from the Ebro’s river mouth (Simon-Sanchez et al., 2019) and coastal
sediments from the Southern Portuguese shelf waters (Frias et al., 2016) provide further
support to this statement of a potential predominance of fibres in environmental matrices.
Among all the identified fibres, the most abundant size class observed was that of 1-2 mm,
matching the observations from the Adriatic Sea (Cau et al., 2019). Thomas and Davidson
(1962) investigated the size range of prey eaten and determined that the minimum food
particle size that adult N. norvegicus were able to intentionally ingest was 1 mm and that
the maximum for hard particles such as shell pieces was 5 mm. However, large-bodied
organisms, such as polychaetes of up to 60 mm long could be eaten if they were ingested
lengthways, which could explain why also long synthetic fibres of up to 22 mm (45 mm if

fibres in aggregations of tangled fibres are also considered) were observed.

Overall, seven different synthetic polymers were identified throughout the study with PET
being considered the most predominant polymer among the ingested fibres of N
norvegicus. This predominance has already been highlighted in other studies focused on
plastic ingestion in crustaceans (Carreras-Colom et al., 2020) and matches with the fact that
PET was the most abundant synthetic polymer identified in surface waters and deep-sea
sediments around the world (Sanchez-Vidal et al., 2018; Suaria et al., 2020). However, these
studies also identified a high proportion (>79%) of cellulosic fibres that highly contrasts
with our results (cellulosic fibres contributing to roughly 2-3% of all fibres identified). In
this study, two main patterns in polymer composition were observed depending on the
relative importance of PET and Acr, and PA and PP fibres. For instance, a higher proportion
of PET and acrylic fibres, two commonly used polymers in the textile industry, was observed
in individuals sampled from the vicinity of urbanised areas (N Barcelona) where the input
of textile fibres through waste-water treatment plants and stormwater overflow during
episodes of increased rainfall is probably higher (Carreras-Colom et al., 2020; Siegfried et

al., 2017). On the other hand, a high proportion of PA and PP as observed in the Clyde and
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Gulf of Cadiz samplings might be associated with fishing effort (Cartes et al., 2016), since
fishing nets are commonly made of these polymers and fishing activity in these areas is
rather high. Another three synthetic polymers were identified almost exclusively in the form
of fragments. Polyethylene films, like the one we identified, are one of the most common
forms of marine litter in Mediterranean surface waters (Suaria et al., 2016). Less common is
the observation of polychloroprene (neoprene), occasionally reported in surface waters of
Barcelona (Camins et al., 2020) and sediments of the North Sea (Lorenz et al., 2019), and
polydimethylsiloxane (silicone), curiously already reported in the stomach contents of

Norway lobsters from the Adriatic (Cau et al., 2019).

6.4.2 Wide geographical differences and the use of balls as a proxy

All things considered, three locations were identified as having a high level of plastic
ingestion, the Gulf of Cadiz, the Clyde Sea (at least in August) and the area close to
Barcelona in the Balearic Sea, all of them with a prevalence of balls >20%. A feature that the
three areas have in common is the potential influence of densely populated urban and
industrial areas as well as the input of rivers (the Guadalquivir, the Clyde and the Llobregat,
respectively) that flow through these areas and might be driving plastics of terrestrial origin
towards the sampled areas as observed for other pollutants (Gonzalez-Ortegon et al., 2019;
Palanques et al., 2008; Vane et al., 2011). Lebreton et al. (2017) estimated that over 1.15 and
2.41 million tonnes of plastic waste are entering the oceans every year from rivers.
Moreover, both the Mediterranean and the Clyde area are considered semi-enclosed bodies
of water with a very low renewal rate which, in addition to the proximity of anthropogenic
activities might induce a high input and lead to the accumulation of plastics with time. In
fact, the Mediterranean Sea and more specifically the NW area (the Balearic Sea), have been
long pointed out as potential hotspots for marine litter by several models (Coppini et al.,
2018; Lebreton et al., 2012; Liubartseva et al., 2018), with great fluxes of plastic debris to
the bottom expected (Coppini et al., 2018; Liubartseva et al., 2018). The Gulf of Cadiz, even
though viewed as a more open area, is influenced by both the overflow of Mediterranean
waters and heavy maritime traffic as the potential main sources of plastic pollution, not to
mention the intense fishing activity in the area (Mecho et al., 2020) that could also explain

the high abundance of PA fibres. Lost or discarded gears are frequent in the sea bottom of
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these and other areas of European waters, as identified in ROV video surveys (Mecho et al.,

2020; Pham et al., 2014; Tubau et al., 2015).

Medium levels of plastic ingestion were identified in the Costa Brava and the Ebro Delta,
where values of fibre load were half the ones reported in N Barcelona or the Gulf of Cadiz
(locations with the highest levels of ingested plastics), and balls were almost absent (mostly
<10%). These two locations, despite being also in the NW Mediterranean Sea, where plastic
sources are allegedly high and, in the case of the Ebro Delta area, high riverine inputs of
fibres are expected (Simon-Sanchez et al., 2019), may benefit from hydrodynamic currents
that wash the levels of arriving plastics to the continental shelf towards deeper waters.
Particularly in the Costa Brava, land-to-deep marine environment transport is favoured by
the torrential regime of the Tordera river and the system of submarine canyons (Sanchez-
Vidal et al., 2013) in addition to a southwards dominating current (the northern current) that
has already been identified as one of the main drivers for surface plastics distribution in the
area (de Haan et al., 2019). This idea is further supported again by the high prevalence of
balls found in A. antennatus in deep waters from the same area (Carreras-Colom et al.,

2020).

Lastly, and considering the observations on the prevalence of balls alone during the fast-
screening analyses, two main areas were pointed out as areas of potentially lower plastic
ingestion levels, the NW Iberian margin and the Alboran Sea. The incidence of meso- and
macro-plastics in the stomach contents of other deep-dwelling organisms (elasmobranchs)
in the area of the Bay of Biscay has also been reported as incidental (>0.03%) with a total
absence of individuals with plastics in the area close to the Cabo Finisterre (Lopez-Lopez et
al., 2017), the same area covered in this study where none of the individuals were observed
with balls. Similarly, the comparison of plastic ingestion in Scyliorhinus canicula also
suggested a lower incidence in the Galician coast compared to the NW Mediterranean or
other areas surrounding the Iberian Peninsula (Bellas et al., 2016). In the Alboran Sea, the
absence of balls in langoustines, assumed to be associated with reduced plastic ingestion,
greatly contrasts with reported values of marine litter in the seafloor of the area (Garcia-
Rivera et al., 2018) but could be related to the great heterogeneity or the decreasing trend
(2011 compared to 2007) in marine litter these authors already described in the area. The
absence of other reported data on environmental concentrations or levels of plastic

ingestion by marine biota in the area limits further discussion.
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In conclusion, geographical differences observed through the load of plastics (abundance
and total length of fibres) were considered to match the trends in the prevalence of balls,
with those samplings and locations having higher mean values of ingested plastics also
showing a higher prevalence of balls (>20%) whereas the absence of balls was related to
low levels of ingested plastics. Therefore, the prevalence of balls was considered a good

proxy to compare plastic ingestion among populations.

6.4.3 Temporal trends in the prevalence of balls

In addition to the detailed analysis of plastic ingestion in 2007 and 2018-2019, having a look
at the historical records that the screening of stomach contents from 1990-1992 provide,
makes it possible to evaluate to some extent the evolution of plastic ingestion in the Balearic
Sea, particularly in areas close to Barcelona. Back in the 90s, the prevalence of balls was
restricted to a particular area located south of the metropolitan area of Barcelona and at the
mouth of one of the numerous submarine canyons that incise the continental margin.
Despite not having more records in this particular area, the increase in the prevalence of
balls in areas located north to the metropolitan area, going from an absolute absence to
values of 35 and 20% in 2018 and 2019, suggest that plastic ingestion may have increased
in the area during this period. Observations in the astonishing values of the prevalence of
balls in deep-sea shrimps (over 80%) in 2018-2019 compared to values of around 10-20%
in 1988-1989 give further support to a potential increase in the levels of plastic ingestion of
crustaceans in the area (Carreras-Colom et al., 2020). Unfortunately, given the novelty of
the study of microplastics, historical records of plastic ingestion are almost non-existent. To
date, the most extensive study record is that provided by Courtene-Jones et al. (2019) that
concluded that microplastic ingestion levels in the Rockall Through (North-East Atlantic)
had remained relatively stable over four decades. Observations of tangled fibres in sediment
cores obtained near the Columbretes Islands (ca. 60 km S of the Ebro Delta) also provide
further evidence of the presence of these pollutants, at least in certain locations of the

Balearic Sea, since the 1980s (radionuclide dating, Cartes et al., unpublished)

In the Clyde Sea area, similar trends are observed. It seems clear to some extent, given the

limitations of comparing values reported through very different methodologies and giving
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limited details of what was observed, that plastic ingestion has increased between the 1990s
and 2011, going from roughly 1% of the individuals showing some kind of inert objects that
could be considered plastic (Bailey et al., 1986) to half of the individuals showing a tangle
of fibres in 2011 (Murray and Cowie, 2011). Following studies suggest that plastic ingestion
levels might have stayed stable or even decreased since then with values of the prevalence
of balls between 18.2 and 51.7% in 2015 (Welden and Cowie, 2016a) compared to our
observed values of 3.3-26.7% in 2019.

6.4.4 Relationship between ingested plastics and diet

Previous studies have described Nephrops norvegicus as being a non-selective species that
exploits the food resources available (see references in Cristo, 1998) and dietary differences
have been more related to changes in prey abundance rather than prey preference (Parslow-
Williams et al., 2002). Present results match the diet composition and differences among
locations reported previously (Cristo and Cartes, 1998) for S Portugal, Alboran and Balearic
Sea areas. As a benthic crustacean with an opportunistic foraging behaviour and a diet rich
in epi- and endobenthic fauna, the route of entry for plastic fibres in N. norvegicus may be
hypothesised as both passive from the environment during their natural feeding or through
the consumption of organisms with plastics aggregated or already ingested (trophic
transfer), and active through the direct ingestion of fibres mistaken for prey items like
polychaetes (Miranda and de Carvalho-Souza, 2016; Possatto et al., 2011). Direct
observations during experimental exposures demonstrated that langoustines were unable
to discriminate synthetic filaments from food (Murray and Cowie, 2011). Detailed analysis
of diet in the deep-sea shrimp Aristeus antennatus revealed a positive association between
the contribution of endobenthic prey and the presence of balls, suggesting a high
accumulation of fibres in sediments and inter-individual differences on the levels of infauna
consumption driving differences in the fibre load among shrimps (Carreras-Colom et al.,
2018). We found a similar tendency, though much less significant, with the presence of balls
being associated to mostly benthic prey (decapods and other crustaceans), less to fish
remains. This could be explained because, in comparison to A. antennatus, the Norway
lobster does not exploit infauna so intensively. Other factors that could be argued would be

the great proportion of empty stomachs due to a presumably low rate of feeding in this

116



species and a possibly longer period of fibre retention. In crustaceans, moulting has been
proposed as the main and most plausible route of removal of plastics (Welden and Cowie,
2016b), as individuals get rid of the foregut where plastics are retained during ecdysis.
Moulting in the deep-sea shrimp is thought to happen every few months (Demestre, 1995)
whereas in the langoustine it may take place only once a year in mature females (Bailey et
al., 1986), thus extending the period during which plastics can be ingested and accumulated
and hindering the establishment of such a relationship between the presence of fibres and

past meals.

6.4.5 Nephrops norvegicus as monitor species of plastic ingestion

The potential to retain plastic fibres poses a greater threat to organisms and adds value to
the inclusion of a certain species in monitoring programs. Moreover, the potential long
retention times of this species mean that it can integrate a temporal scale far beyond the
last meal, in contraposition to what happens in fish where we get a snapshot of the most
recent meal (Roch et al., 2021). This increased retention time may come in handy in
monitoring programs, especially in the Mediterranean that features highly dynamic
currents that can quickly alter environmental concentrations of plastics (de Haan et al.,
2019; Kaandorp et al., 2020), but also because it may help detect low environmental values
thanks to the concentration factor (considering there is a more or less constant
incorporation of fibres through ingestion with time). Overall, the Norway lobster qualifies
for all criteria proposed by Fossi et al. (2018) as a good indicator species. In addition to the
extensive knowledge that exists on plastic ingestion in wild individuals for this species
(Table 3), compared to most species studied and especially in deep-water environments, its
ecology, biology and response to other stressors is well studied (i.e. feeding ecology: Cristo
and Cartes, 1998; burrowing behaviour: Campbell et al., 2009; bathyal distribution: Cartes
et al., 1994; stress biomarkers: Anto et al., 2009; heavy metal accumulation: Canli and
Furness, 1993; organic pollutant accumulation: Perugini et al., 2007; diseases: Stentiford
and Neil, 2011; trawling impact: Milligan et al., 2009). It is considered an economically and
ecologically key species for which it is included in several regional and national monitoring
programs (i.e. ICES and MEDITS surveys) and therefore individuals may be readily available

for collection if not from established monitoring frameworks then from commercial markets.
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Table 3. Review of reported data on the presence and load off plastics in stomach contents of Nephrops norvegicus including peer-reviewed published values, project reports and

conference communications. Values in italics have been estimated from given graphics.

Sampling location Year n Method Value Description Reference
Clyde Sea; Little Cumbrae ca.198 393 Visual inspection 1.0% prevalence of “rubber” materials ? (Bailey et al., 1986)
6 0.2% occurrence of “elastic” materials®
Clyde Sea; Little Cumbrae 1994 42 Visual inspection 4.7-153% proportion by weight of inert objects® (Parslow-Williams et al.,
Clyde Sea; Ailsa Craig 1994 49 4.2-7.0% proportion by weight of inert objects ® 2002)
Clyde Sea; Isles of Cumbrae 2009 120 Visual inspection (400x) 83% prevalence of plastics ? (Murray and Cowie, 2011)
+ pRaman (subsample) 50% prevalence of balls
Clyde Sea Area 2011 1000 Visual inspection 84.1% prevalence of microplastics 2 (Welden and Cowie, 2016)
Main Channel 2011 658 + FTIR (subsample) 18.2-51.7% prevalence of balls ?
3.3-3.4% prevalence of films *
0.20-0.66 mg plastics
Fairlie Channel 2011 342 19.6 -37.0% prevalence of balls ?
3.8-12.7% prevalence of films *
0.28-0.47 mg plastics
North Minch 2011 150 43.0% prevalence of microplastics 2
>0.01 mg microplastics
North Sea 2011 300 28.7% prevalence of microplastics 2
0.40 mg microplastics
Irish coast 2016 150 Digestion 69% prevalence of microplastics © (Hara et al., 2020)
+ (WFTIR (all) 1.75+2.01 items - ind?!
Aran Prawn Grounds 30 56.7% prevalence of microplastics ©
0.90 +1.03 items - ind?!
Bantry Bay 30 73.3% prevalence of microplastics ©
1.67+ 20 items - ind!
Kenmare Bay 30 70.0% prevalence of microplastics ©
2.30 +2.47 items - ind!
Magharees Union 30 60.0% prevalence of microplastics ©
1.67+ 19 items - ind!
North Irish Sea 30 83.3% prevalence of microplastics ©
22022 items - ind?!
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Irish coast; Galway Bay
Black head
South sound

NW Mediterranean Sea; Balearic
Islands

Central Mediterranean Sea;
Sardinia

Central Mediterranean Sea;

Sardinia
North Adriatic Sea

Adriatic Sea

2017

2015

2017

2016

2019

29

89

27

10

23

Digestion
+ (WFTIR (subsample)

Visual inspection (40.5x)

Density-separation
+ Digestion (H202)
+ pFTIR (all)
Density-separation
+ pFTIR (all)
Density-separation
+ Digestion (H202)
+ pFTIR (all)
Digestion (protease)
+ FTIR (all)

0.48
1.27
38%
0.63 +0.32
83%
55+0.8
117.3
70%
21+0.6
10%
1+0

100%
49x+24

prevalence of microplastics

items - ind?!

items - positive ind?!
prevalence of microplastics ?
microplastics - ind?2
prevalence of microplastics ¢
microplastics - positive ind!®
mm? total surface of microplastics
prevalence of microplastics f
microplastics - positive ind!®
prevalence of microplastics &
microplastics - ind?!

prevalence of microplastics
microplastics - ind?!

(Pagter et al., 2020)

(Alomar et al., 2020)

(Cau et al., 2019)

(Cau et al., 2020)

(Avio et al., 2020)

(Martinelli et al., 2021)

2 No description of size maximum, minimum or range.

b Includes synthetic fibres but also stones, spines and other indeterminate items.

¢ Size of particles ranged between 0.143 and 16.976 mm.

4 Size of particles ranged between 0.1 and 5 mm, with some exceptions (n=4). Textile fibres excluded.

¢ Average value considering only positive specimens (only individuals with microplastics; intensity).

£ Size of particles ranged between 0.2 and 15 mm.

& Size of particles ranged between 0.01 and 0.1 mm.
 Size of particles ranged between 51 and 286 um for fragments and 76 and 431 um for fibres. Items found in the intestine are also included.
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The study of plastic ingestion, which may be limited to stomach contents, may not deter the
marketing of the tail, the most valuable part. Most importantly, the prevalence of balls, which
may be considered as a good proxy of total plastic fibre ingestion based on our results, can
be used as an easy and affordable indicator since direct visual inspection of stomach
contents with low magnification is possible, thus significantly reducing the cost, time, risk
of contamination and level of expertise and equipment required for sample processing.
Finally, thanks to its wide geographical and bathymetric distribution it can be incorporated
into global European monitoring programs for both Mediterranean and Atlantic waters. In
this way, a useful indicator for meso- and macro-plastic fibres from deep (at least in the
Mediterranean) environments, with the potential to integrate wide temporal scales, could
be easily included in monitoring programs and complement the already settled indicators
for plastic ingestion of marine biota, that is the northern fulmar and loggerhead turtle, for

which the overlap in the distribution range would also allow for comparisons.

Thanks to the interest that Nephrops norvegicus has received in the previous decade in
relation to plastic pollution, there is extensive knowledge on the levels of plastic ingestion
in wild populations as well as on the potential impacts from experimental designs. Present
results give further support to the idea that this species is subject to high levels of plastic
ingestion (maximum levels of nearly 200 mm of fibres in a single individual) in several of
its populations. Aggregations of tangled balls of fibres that also incorporate algae and other
elements of its diet and may take up significant space inside the foregut are also commonly
found in locations with high levels of ingested plastics. Given the complex dynamics of
plastics in the sea, the biomonitoring of marine plastic debris should rely on the
combination of several bioindicator species with different characteristics that complement
each other (Bonanno and Orlando-Bonaca, 2018). We consider that the inclusion of
Nephrops norvegicus as part of these monitoring programs, in particular with the evaluation
of the prevalence of balls, would serve as a good affordable proxy for fibre contamination in

both Mediterranean and Atlantic waters along geographical and temporal scales.
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SUPPLEMENTARY MATERIAL

Table S1. Categorization of fibres observed in Nephrops norvegicus based on visual appearance
with optical microscopy (400x) and results on the ATR-FTIR identification. Polymers identified:
PET = Polyethylene terephthalate (polyester); PA = Polyamide; Acr = Acrylonitrile (acrylic); PP =
polypropylene; PE = polyethylene; Cel = Cellulose.

Polymer identified (%)

Cat. Description
PET PA Acr PP PE Cel

A e Mostly uniform diameter (sometimes with molten 85.2 9.3 37 1.9 0 0
bends) and round cross-section
e C(Clean ends, sometimes molten
e Smooth surface texture. Refringent. Usually with
delustrant agents visible as a bubbly backbone
texture
e Generally transparent or bright coloured

B e Uniform diameter and round cross-section 200 76.0 0 4.0 0 0
e Sometimes with wide molten or frayed ends
e Generally smooth surface texture. Granular
backbone texture. Pilling or fraying surface when
damaged
e Mostly transparent, yellowed or brownish

C e Non-uniform diameter with dumbbell cross-section  11.1 56 833 0 0 0
e Usually with fraying ends
e Smooth and homogeneous surface and backbone
texture
e Mostly transparent or bright colours

D ¢ Mostly uniform diameter and round cross-section 0 14.3 0 857 O 0
e Usually with fraying ends
e Multiple cracks and surface marks. Sometimes
fraying surface
e Generally yellowed or brownish, rarely with bright
colours

E e Non-uniform diameter with appearance of trilobal 0 0 0 0 100 0
cross-section
e C(Clean ends, molten to some extent
e Multiple cracks and surface marks. Highly
refringent
e Mostly transparent

F e Non-uniform diameter, flat or film-like 0 0 0 0 0 100
e Diagonal-cut ends
e Striated surface with angular edges. Sometimes
fraying surface
e Mostly transparent, blue or black, usually non-
uniform
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Fig. S1. Density curves of the distribution of sizes of isolated and
tangled fibres according to the sampling location of the
individuals (area under the curve = 1). Six fibres with lengths >
20 mm (one from N Barcelona, one from the Costa Brava, and four
from the Clyde Sea individuals) excluded to improve
visualization.
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Table S2. Mean values (+ SD) of abundance (number of fibres, n - ind!) and total fibre length (mm-ind™) of synthetic fibres in stomach contents of Nephrops
norvegicus sampled from the Clyde Sea (CS; two samplings included), the Gulf of Cadiz (GC) and several sites along the Balearic Sea (Costa Brava, CB, N
Barcelona, NB, and Ebro Delta, ED) according to their polymer composition (Acr: acrylonitrile (acrylic); PA: polyamide; PE: polyethylene; PET: polyethylene
terephthalate (polyester); PP: polypropylene). Mean values of relative contribution to the total load of synthetic fibres in percentage is noted in parenthesis. For
details on samplings performed see Table 1.

Sampling Acr. PA PE PET PP

Abundance (n - ind™?)

CS1 057+275  (85) 1.07+1.80  (587) 0.00+0.00 (0) 0.40£1.07 (179 073+3.46 (14.9)
CS2 027+091 (21 447+7.29 (363 0.00+0.00 (0) 550+£7.66 (50.7) 1.00+235 (6.9
GC 0.46+088 (9.3 3.75+413 (347) 0.00+0.00 (0) 821+11.36 (51 0.67+1.99 (4.4
CB1 035+0.99 (15.6) 090117  (46.5) 0.00+0.00 (0) 1.15+1.87 (313 010x0.45 (6.7)
CB2 1.15+2.66 (16.2) 1.20+1.28 (@292  0.00+0.00 () 3.55+5.03 52 030+0.80 (58)
NBO 1.65+3.47  (16.3) 1.15+1.46 20.8)  0.00+0.00 (0) 6.45+10.16 (60.7) 015049 (15)
NB1 1.40+223  (19.4) 1.50+3.17 (11.5) 0.00+0.00 () 740+991 (62.7) 010+031 (1.3)
NB2 430+15.49 (20.4) 1.70+£2.20 (283) 0.05+0.22 (0.3 6.40 +14.30 (496) 0.10+045 (1)
ED1 015+049 (8.3 0.65+1.66 (7196) 0.05+022 (0.9 1.25+£236  (61.6) 005+022 (24
ED2 1.65+2.13 (34.5) 090+1.83 (132 0.00+0.00 (0) 215+2.06 (44.1) 050+140 (5.5)

Total fibre length (mm - ind%)

CS1 0.41+1.80 (7.9) 3.19+£6.72 (59.4) 0.00+0.00 ) 0.55+1.36 (17.5) 226 £11.18 (14.4)
CS2 0.87 +2.81 2) 11.61+16.29  (36) 0.00+0.00 ) 20.22£29.65 (494 3.76 £8.08 (10)
GC 2.00£3.35 (12.6) 11.16 £12.74  (33.7) 0.00+0.00 ) 25.55+43.07 (47.1) 2.08+557 (5.7)
CB1 0.93+2.71 (14.8) 3.37+7.35 (51.1) 0.00+0.00 ) 2.36 +4.23 27.4) 0.26 +1.17  (6.7)
CB2 2.42 +5.35 (12.3) 3.18£3.62 27.8) 0.00 +£0.00 ) 13.39£18.25 (51) 047+126 (3.5
NBO 3.93+£7.99 (15.4) 1.88 £ 2.57 (19.5) 0.00 +£0.00 ) 14.82 +20.83 (61.3) 092+3.01 @GBD
NB1 4.10 + 8.88 (18.5) 3.89+7.13 (10.8) 0.00 +£0.00 ) 25.08+34.54 (59.6) 1.09+345 (3.4
NB2 4811225 (214 4.75+5.48 29.4) 0.22+0.99 (0.6) 18.08 £40.21 (46.8) 0.60+2.67 (1.8)
ED1 0.34 £1.18 9.1 0.93 +2.44 (17) 0.06 £ 0.27 (0.4) 5.61+991 (67) 017+0.74 (1.8
ED2 4.97 £5.69 (38.6) 1.91+3.67 (9.1 0.00+0.00 ) 8.09 £ 9.47 (44.5) 1.76 £5.56  (6.2)
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Table S3. Data on diet composition of Nephrops norvegicusincluding mean values of stomach fullness (F), diversity (Shannon-Wiener diversity index, H") and
evenness (Pielou’s index of evenness, J') and the contribution of 15 prey-groups in terms of frequency of occurrence (%F) and total weight per 100 individuals
(Wi00). 1 indicates the total number of individuals screened and the number of empty stomachs (not included in diet composition analysis) in parenthesis. *
indicates a value <0.1%. n.d. indicates absence of data (total weight of individuals was not recorded). Different superscript letters among rows indicate
significant differences among locations.

Balearic Sea

NW Iberian margin

Gulf of Cadiz

Alboran Sea

N Barcelona S Barcelona Tarragona Ibiza
n 61 (32) 56 (1) 10 (0) 31 (6) 51 (26) 213) 64 (23)
F 1.20 £ 1.06* 1.54+£0.722 1.15+0.43* 2.29 +3.27* 0.28+0.32°" n.d. 1.62 +1.00*
H’ 0.42 £ 0.38? 0.96 +0.41" 0.49 £ 0.362 0.41+0.42° 0.49 £ 0.38? 0.67 £ 0.43° 0.51+0.34®
J 0.59 +0.26° 0.58 £ 0.22* 0.40 + 0.30*° 0.66 +0.23* 0.69 £0.18? 0.61+0.24® 0.61+0.21*
% F Wioo BF  Wioo BF  Wioo BF Wi BF Wi %F Wi BF Wi
Foraminifera 10.3 0.2 65.5 1.3 50 0.1 - - 5.1 0.8 5 * 5.8 *
Porifera - - 41.8 1.3 - - - - - - - - 7.7 0.7
Sipuncula - - - - - - 14.8 1.2 - - 5 0.2 11.5 0.2
Cnidaria - - 727 2.3 10 0.2 - - 7.7 0.2 10 0.1 7.7 0.3
Bivalvia 3.4 0.5 18.2 0.1 - - - - 2.6 * 30 0.3 3.8 0.2
Cephalopoda 20.7 4.1 - - - - 111 0.3 2.6 * 15 0.2 7.7 0.3
Gastropoda 20.7 0.8 40 0.2 - - 333 10 23.1 04 20 0.4 7.7 0.3
Other Mollusca - - 55 0.2 20 0.8 1.1 0.3 2.6 0.1 10 * 135 0.5
Polychaeta 13.8 0.2 50.9 2.2 40 3.2 11.1 0.7 51 0.5 5 0.1 36.5 1.8
Euphausiacea - - 10.9 0.2 20 0.5 - - 103 0.2 35 0.8 1.9 *
Decapoda 48.3 11.9 727 8.6 40 8 51.9 6.8 51.3 0.9 65 1.9 25 3.7
Other Crustacea 34.5 5 40 1.7 50 2.2 7.4 0.4 154 0.2 15 0.4 21.2 04
Echinodermata 6.9 0.5 61.8 3 30 0.4 7.4 0.1 10.3 * 25 * 5.8
Osteichthyes (fish remains) 44.8 5.4 54.5 2.1 50 2.1 222 08 256 0.2 45 1.2 42.3 2
Unidentified material 241 2.7 1.8 * 40 21.1 444 119 43.6 1 40 1.1 13.5 0.6
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7.1

7.2

7.3

7.4

7.5

7 Conclusions

Plastic ingestion is common throughout the Balearic Sea in the two bathyal decapod
crustaceans analysed, Aristeus antennatus and Nephrops norvegicus, reaching
depths of 1870 m in the former. They both exhibit varied but overall high values of
plastic ingestion compared to those reported for other marine organisms in the area

(i.e., fish). (Ch. III-VI)

Plastics ingested by both species, A. antennatus and N. norvegicus, are vastly
dominated by synthetic fibres of lengths that fall mostly in the mesoplastics size range
(following Hartmann et al. (2019) size classification for plastics) or the upper size
range considered for microplastics (1-5 mm) (following Frias and Nash (2019)).
Polyethylene terephthalate (~40-50%), acrylonitrile (~12-40%) and polyamide (9-

30%) were the dominant polymers in both species. (Ch. III-VI)

Based on pieces of evidence of the presence of fragments and films in bottom water
and sediment samples from the exact same locations where N. norvegicus were
sampled, the predominance of fibres in stomach contents might be the result of either
an active feeding on fibres or the fact that they are more easily retained and thus the
likelihood of encountering them is increased. Even though research focusing on the
plastics present in bottom water and sediments at greater depths (~800 m) would be
needed to confirm it, the predominance of fibres in A. antennatus could have a similar

explanation. (Ch. V)

Considering the high values of plastics found in the stomach compared to intestine
contents in both species, in addition to the presence and overall size of tangled up
fibres (balls) compared to the sizes of the pyloric chamber and the entrance to the
midgut (first section of the intestine), the expulsion of plastics through faeces is
considered a minor path for the removal of microplastics. Further research would be
needed to assess the potential fragmentation into nanoplastics and their fate. (Ch. IV-

V)

Detailed analysis on diet composition in A. anfennatus revealed that individuals with

plastics also showed higher relative biomass and diversity of endobenthic prey (e.g.,
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7.7

7.8

7.9

decapod Calocaris macandreae, polychaetes, bivalves) as well as a lower relative
diversity of hyperbenthic prey (e.g., mysids, decapod Plesionika martia). This
association suggests that shrimps preying on the surface of sediment might be more
exposed to the uptake of plastics either through trophic transfer or passive ingestion

while feeding. (Ch. 1)

Based on the similarities in size distribution and patterns in abundance among sites
observed for environmental and ingested plastics, water seems to have a more
important role in the exposure and uptake of plastics by N. norvegicus. However,
analysis of diet composition in relation to the presence of plastics did not provide
further support to this idea since a great proportion of benthic prey was always

present. (Ch V-VI)

Observations on plastic ingestion in A. anfennatus sampled close to Barcelona in
different time periods do not suggest an increasing nor a decreasing trend in total
plastic ingestion. A significant shift in the polymer composition (2007-2008 vs 2017-
2018) was observed with a higher contribution of polyester fibres in individuals from
2017-2018 compared to those from 2007-2008 with a higher contribution of
acrylonitrile instead. These differences are considered a reflection of the global

production and usage trends in plastic fibres. (Ch. III-IV)

Individuals of A. antennatus sampled in 2018 showed a high spatial and seasonal
variability in the levels of plastic ingestion: greater fibre loads towards the south were
observed in spring, while in summer, individuals sampled off Barcelona showed a
fibre load nearly thirty times higher than those from other locations. These trends
might be related to the hydrodynamics of the area (e.g., a southwards current that
would lead to a progressive accumulation of plastics along its path) and the increased

arrival of plastics due to elevated river discharge after storm-like events. (Ch. IV)

Higher abundances and loads (sum of fibre lengths or particles areas) were observed
in individuals of N. norvegicus and environmental samples off Barcelona compared
to other areas sampled along the Catalan coast. This reinforces the hypothesis that:

(1) the metropolitan area of Barcelona might be a significant source of plastic
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7.12

7.13

7.14

pollution, and (2) that the levels of plastic ingestion are highly correlated with

environmental levels of plastic pollution. (Ch. V)

Varied levels of plastic pollution throughout European waters were identified by
using the prevalence of aggregations of tangled fibres in N. norvegicus as an
indicator of plastic pollution. Areas with potentially high values of plastic pollution
were the Balearic Sea (Barcelona), the Gulf of Cadiz and the Clyde Sea, whereas the
Alboran Sea and the NW Iberian margin were considered areas of low plastic

pollution. (Ch. VI)

Concentrations of heavy metals in abdominal muscle did not display a clear site-
related pattern and were considered in the range of previously reported tissue levels.
Cd and Pb did not exceed the threshold levels determined by the European Food
Safety Agency for shellfish. Sediment levels of most metal species analysed displayed
higher levels in Barcelona, and levels of Ni and As in all locations sampled were above
the thresholds established as probable effects concentrations. Even though natural
sources might be playing a key role in the increased values of As, further research

would be needed to properly assess its potential environmental effects. (Ch. V)

No histological alterations potentially related to plastic ingestion or any other
potential stressor were observed in target organs of A. antennatus. and N. norvegicus

(Ch. IV-V)

Despite posing a major threat for their potentially increased retention, the presence
of tangled balls of fibres was not correlated with a significant impact on health

condition in A. antennatus or N. norvegicus. (Ch. [V-V)

Negative correlations between plastic ingestion in A. anfennatus and condition
indices were not observed in most individuals, except for those from Barcelona,
sampled in summer 2018 for which a negative correlation between GSI and fibre load
was observed. Given the positive correlation between plastics and stomach fullness,
it is considered unlikely that high values of ingested plastics were responsible for
reduced values of GSI due to a reduction in the feeding activity and, therefore, of the
nutritional state. The potential effect of the exposure to other pollutants with similar

sources and dispersion pathways has been suggested instead (Ch. III-1V).
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No correlations have been established between the variability in condition indices
and levels of pollutants in V. norvegicus. High levels of HSI in the Ebro Delta could
be related to both favourable environmental conditions as well as a chronic toxic
response, though the former is rendered more likely based on histological

observations of the hepatopancreas. (Ch. V).

The inhibition of CAT and increased LDH activities in individuals of N. norvegicus
with high levels of ingested plastics match the enzymatic responses identified in
experimental exposures to plastics and suggests a potential oxidative stress response.

(Ch. V)

The prevalence of aggregations of tangled up fibres in N. norvegicus is significantly
correlated with total abundance of ingested plastics and given its methodological
advantages (i.e., fast, needs a small number of resources and training, and is less
subject to overestimation because of contamination of the samples) it is proposed as
an affordable indicator for plastic pollution that could be easily implemented in

existing monitoring frameworks. (Ch. VI)
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