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In accordance with the Service Agreement “Preparation of a Study on the Presence of Microplastics in the Food
Web and Macroplastics in Seabirds — WASTEREDUCE Project”, CLASS 112-07/25-01/15, REG. NO. 01/2025,
signed on 1 August 2025 by the Director of Natura Histrica, Silvia Buttignoni, and the owner of Blue Mark
Consulting, Ana Marki¢, within the framework of the Interreg WASTEREDUCE project, a scientific study was
conducted with the aim of determining the presence of micro- and macroplastics in the digestive systems of four
groups of marine organisms: bivalves, crustaceans, fish and seabirds. The research was carried out within Natura
2000 sites in Istria County, including coastal ecosystems particularly vulnerable to anthropogenic pollution. The
collected data will contribute to a better understanding of plastic uptake within the food web across multiple
trophic levels. In accordance with the project assignment, this final report contains detailed information on the
study, including the introduction, methodology, results, discussion, conclusion and references.

Abstract

Marine plastic pollution affecting marine organisms currently represents one of the most widespread and ecologically
significant anthropogenic pressures on marine ecosystems. Within the framework of the study on the presence of
microplastics in the food web and macroplastics in seabirds, a total of 183 specimens of bivalves, crustaceans and fish, as
well as 10 seabird pellets, collected in Istria County were analysed. The aim of the study was to assess the presence of plastics
across different trophic levels and to identify potential bioindicator groups of organisms.

The results showed that bivalves from urban and anthropogenically impacted areas accumulated significantly higher
concentrations of microplastics compared to individuals from more remote and less impacted locations, confirming the
importance of local pollution sources and the high biomonitoring potential of filter feeders. In contrast, crustaceans contained
relatively low quantities of plastic and proved methodologically challenging to analyse, making them less suitable as
bioindicators of microplastic pollution. Among fish, pronounced interspecific differences were observed; mullets contained
substantially higher quantities of microplastics than bluefish, highlighting the importance of feeding ecology and feeding
strategy in plastic ingestion. These results suggest that filterfeeding bivalves and mullets may represent suitable bioindicators
of microplastic pollution in coastal environments.

The analysis of seabird pellets revealed an extremely high occurrence of plastic, with all 10 thoroughly analysed pellets
containing plastic debris. A total of 274 plastic items were isolated, predominantly plastic films and fibres. Plastic was
confirmed at all investigated trophic levels of the food web; however, trophic transfer and biomagnification could not be
unequivocally confirmed.
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1. INTRODUCTION

1.1. MARINE PLASTIC POLLUTION

The problem of plastic pollution began in the mid-20th century with the rapid growth of industrial plastic
production following the Second World War, when plastics started to be widely used across nearly all sectors due
to their low cost, durability and versatility (Geyer et al., 2017). A major turning point occurred with the
proliferation of single-use plastics, as products such as bags, packaging, bottles and disposable utensils became
standard in everyday life (UNEP, 2018). Although the first signs of the problem in marine ecosystems were
recorded as early as the 1960s and 1970s, when researchers began to observe plastic debris in the oceans and
marine organisms (Carpenter & Smith, 1972; Rothstein 1973), these early scientific warnings remained largely
within academic circles and did not achieve broader societal attention. Over the following decades, the amount
of plastic in the environment continued to increase, driven by globalised consumption patterns and inadequate
waste management systems (Jambeck et al., 2015). Only in the past decade has plastic pollution entered global
public awareness, largely due to microplastic research, activist media campaigns and documentaries that visually
demonstrated the scale of ocean contamination. Today, it is clear that this is a long-term and cumulative problem
affecting all levels of marine ecosystems, from surface waters to the deep sea, and that it is the consequence of
decades of uncontrolled production and overconsumption of single-use plastics.

Plastic pollution, including microplastics (MP) (<5 mm) and nanoplastics (NP) (<1 um), has become a major
environmental and food safety concern due to its accumulation in aquatic and terrestrial ecosystems and its
integration into food webs (GESAMP, 2015; WHO, 2019). These particles move through trophic levels, from
phytoplankton and zooplankton to fish and bivalves, and can ultimately enter the human diet (Wright & Kelly,
2017). Microplastics can also act as vectors for additives incorporated during manufacturing as well as for sorbed
hydrophobic environmental contaminants, with their contribution to organism exposure being influenced by
environmental conditions, particle properties and retention time in the digestive tract (Koelmans et al., 2016).

Primary sources of microplastics include industrial pellets and cosmetic products containing microbeads (Fendall

& Sewell, 2009; Andrady, 2011). Secondary microplastics arise from the fragmentation of larger plastic items
under the influence of UV radiation, oxidation and mechanical degradation (Barnes et al., 2009; Andrady, 2011).

1.2. EFFECTS OF PLASTIC ON ORGANISMS

1.2.1. Effects of plastic on marine organisms

Experimental studies consistently show that microplastics and nanoplastics can exert a broad range of adverse
effects on marine organisms, with mechanisms and outcomes varying substantially depending on species,
particle size, concentration and exposure duration (Galloway et al., 2017; Bucci et al., 2020). At the physiological
level, reported effects include reduced feeding activity, energy deficits, oxidative stress and inflammatory
responses, particularly in filter feeders such as bivalves and zooplankton, where mechanical irritation and
obstruction of the digestive tract may occur (Cole et al., 2013; Avio et al., 2015). Reproductive effects include
reduced fertility, altered gamete and larval development and decreased offspring survival, effects that are
especially pronounced in invertebrates and fish during early life stages (Sussarellu et al., 2016). At the endocrine
level, experimental studies indicate disruptions in hormonal regulation, including changes in the expression of
genes associated with reproduction and stress responses, suggesting a potential role of microplastics as
endocrine disruptors, either directly or indirectly through associated chemicals (Rochman et al.,, 2013). In
addition, nanoplastics demonstrate the ability to cross epithelial barriers and distribute into internal tissues and
organs, with experimental and review studies indicating their presence beyond the digestive system and their
potential for systemic, cellular-level effects (Mattsson et al., 2017; Ma et al., 2021).



Particle size and shape are key determinants of bioavailability and translocation (Koelmans et al., 2016).
Microplastics can adsorb persistent organic pollutants (POPs) and other contaminants, acting as vectors of
chemical exposure (Teuten et al., 2009; Rochman et al., 2013).

1.2.2. Trophic transfer and biomagnification

In marine ecosystems, microplastics and nanoplastics enter food webs primarily through filter feeders, including
zooplankton, bivalves and small pelagic fish, which act as initial vectors of trophic transfer. Experimental and field
studies show that microplastic ingestion can affect feeding efficiency, behaviour and survival of organisms at
lower trophic levels, with consequent effects on energy availability for predators (Cole et al., 2013; Botterell et
al., 2020). Trophic transfer of microplastics through prey—predator interactions has been confirmed in multiple
systems, including planktonic, benthic and nektonic organisms within marine food webs (Farrell & Nelson, 2013;
Setild et al., 2014; Santana et al., 2017; Markic et al., 2018).

Although classical biomagnification of microplastics (i.e. increasing concentration or accumulation with trophic
level) is variable and often limited (Koelmans et al., 2016; Wright & Kelly, 2017), plastic particles can act as carriers
of chemical contaminants. Adsorption of hydrophobic organic compounds and other pollutants to plastic
surfaces contributes to complex “cocktail” effects and may alter their distribution and bioavailability within food
webs (Teuten et al.,, 2009; Koelmans et al., 2016). Therefore, although biomagnification of the particles
themselves is not consistently demonstrated, trophic transfer of associated contaminants represents a key
ecological risk mechanism, with potential consequences for higher trophic levels, including commercially
important species and humans (Diepens & Koelmans, 2018; Mercogliano et al., 2020).

1.2.3. Effects of plastic pollution on humans

Microplastics and nanoplastics have been detected in various human biological matrices, including blood, lungs,
stool, placenta and arterial plaques, confirming their widespread exposure and ability to be internalised within
the human body (Ragusa et al., 2021; Jenner et al., 2022; Leslie et al., 2022). Of particular concern is the ability
of nanoplastics to translocate across epithelial barriers and potentially cross the blood—brain barrier, with
experimental and in vivo models suggesting possible accumulation in the brain and induction of oxidative stress
and neuroinflammation (Prist et al., 2020; Danopoulos et al., 2022).

Human exposure to microplastics occurs via ingestion and inhalation, including trophic transfer through the
consumption of contaminated marine and terrestrial organisms, with seafood recognised as a relevant dietary
source of intake (Cox et al., 2019; Mercogliano et al., 2020). A significant exposure pathway is also the indoor
environment, including synthetic textiles, furniture and carpets, from which microfibres and plastic particles are
continuously released, as well as atmospheric exposure (Dris et al., 2016; Vianello et al., 2019).

Given the presence of microplastics across multiple organ systems and evidence of in vitro cytotoxicity, including

oxidative stress, inflammatory responses and potential genotoxic effects, research focus is increasingly directed
towards the long-term consequences of chronic exposure and tissue accumulation (Danopoulos et al., 2022).

1.3. STATE OF PLASTIC POLLUTION IN THE ADRIATIC AND THE MEDITERRANEAN

In the Adriatic Sea and the wider Mediterranean, microplastics are widely distributed in sediments, the water
column and biota, with the Mediterranean recognised as one of the global “hotspot” regions exhibiting elevated
microplastic concentrations compared with open ocean systems (UNEP/MAP, 2020; Terzi et al., 2024). In the
Adriatic, microplastics have been detected, among others, in bivalves such as Mytilus galloprovincialis (e.g.
Gomiero et al., 2019; Kovaci¢ et al., 2024) and in crustaceans (e.g. Aliko et al., 2022). They have also been
documented in commercial fish species, where microplastics are found in the digestive tracts of a significant
proportion of analysed individuals, confirming their integration into local food webs (Savoca et al., 2021; Mistri
et al., 2022; lvesa et al., 2024).



1.4. MONITORING AND BIOINDICATORS

Biomonitoring of microplastics in marine ecosystems is based on the selection of bioindicator organisms that
integrate spatial and temporal environmental exposure. According to the review by Tang et al. (2026), the most
effective bioindicators are organisms that combine wide availability, a well-defined ecological role and the ability
to accumulate microplastics at levels that can be reliably quantified. Filter feeders such as bivalves (e.g. Mytilus
spp.) are particularly prominent, along with other trophically relevant organisms that enable the assessment of
microplastic transfer through food webs, thereby allowing evaluation not only of presence but also of particle
movement within the ecosystem.

Tang et al. (2026) emphasise that the selection of bioindicators must be aligned with monitoring objectives, as
different organism groups provide complementary information on exposure, bioaccumulation and trophic
transfer of microplastics. They further highlight the need for standardisation in species selection to ensure
comparability of data across regions and temporal series, which is essential for the development of reliable
monitoring programmes and ecological risk assessment.



2. METHODOLOGY

2.1. FIELD SAMPLE COLLECTION

During the period from 1 September 2025 to 8 March 2026, sample collection was conducted over 17 field
campaigns and 5 purchases of fish samples at the Pula fish market, during which samples of bivalves,
crustaceans, fish and seabird pellets were collected. Table 1 provides detailed information on the field sampling
of bivalves, crustaceans and fish, including species names of the sampled organisms, locations and geographic
coordinates, date and time, and technical details of sampling. Samples were collected opportunistically, resulting
in a total of 240 individuals, comprising 80 individuals of Pacific oyster, 100 individuals of blue crab, 60 fish
individuals (30 boxlip mullet and 30 bluefish), and 45 pellets of seabirds including European shag, great
cormorant and sea gull.

Table 1. Field sampling of bivalves, crustaceans and fish during the period from 01.09.2025 to 17.01.2026.

Collected Location Date and Number of Brief description of field activity
organisms time individuals
Magallana Pula Harbour 30.11.2025. 40 Pacific oysters were collected at two sites in Pula
Gigas (44°52'23.2"N 12:00-13:00 Harbour. They were detached using a flat screwdriver,
(80) 13°50'49.0"E) placed in an ice cooler and frozen at -20 °C until analysis.
17.01.2026. 40 Pacific oysters were collected in Brijuni National Park
10:00—-12:00 from boat piers on Veli Brijun and Mali Brijun.
Callinectes Palud 01.09.2025. 4 Blue crabs were collected in the Palud ornithological
sapidus (45°01'32.8"N 17:00 - 19:00 reserve in the afternoon. Sampling was conducted by one
(100) 13°42'04.6"E) 02.09.2025. 16 or two experts using hand nets, with several individuals
16:00 — 18:00 captured using a set gill net. Crabs were then stored in
06.09.2025. 18 portable cooler boxes with ice, after which they were
14:00 — 16:00 transported the same day to the Juraj Dobrila University
07.09.2025. 14 of Pula, Faculty of Natural Sciences laboratory and stored
13:00 — 16:00 in a freezer at =20 °C until further processing.
Séuza 07.09.2025. 10 Blue crabs were collected in S¢éuza Bay, in the inner part
(44°49'11.7"N 21:00-22:00 of Pomer Bay. Sampling was conducted by one or two
13°53'01.6"E) 09.09.2025. 17 experts using hand nets. Collection was carried out in the
20:00-21:30 evening under night conditions using headlamps. After
14.09.2025. 8 collection, all samples were transported to the laboratory
19:30-21:00 of the Faculty of Natural Sciences, Juraj Dobrila University
21.09.2025. 13 of Pula, where they were stored in a freezer at -20 °C
19:30 —21:00 until laboratory processing.
Pomatomus  Western coast of  21.09.2025. 11 Bluefish specimens were obtained from a spearfisher
saltatrix Istria and along the western coast of Istria using a speargun,
ensuring an intact digestive tract. Fish were cooled in ice-
filled portable boxes and frozen at =20 °C until analysis.
15.11.2025. 3 Four bluefish specimens were purchased at the Pula fish
market. The fish had been caught using set gill nets along
29.11.2025. 1 the western coast of Istria. Specimens were frozen at -20
°C until further analysis.
18.11.2025. 1 Two bluefish specimens, caught using set gill nets in the
29.11.2025. 1 Medulin Bay, were purchased at the Pula fish market.
13.01.2026 13 An additional 13 specimens were purchased at the Pula
fish market.
Oedalechilus  Medulin Bay, 01.10.2025. 15 Boxlip mullet specimens were collected in Medulin Bay
labeo (44°47'34.5"N 15:00-17:00 (Lokva and Porti¢ coves) by freediving, using a set gill net
(30) 13°54'50.7"E) 12.10.2025. 11 (18 mm mesh size). Specimens were stored in portable
15:00-17:00 cooler boxes with ice, transported the same day to the
Medulin Bay, 03.10.2025. 4 University of Juraj Dobrila Pula, Faculty of Natural
(44°46'42.4"N 15:00 —17:00 Sciences and frozen at -20 °C until processing.
13°55'05.0"E)
Ukupno 240




2.1.1. Pacific oyster (Magallana gigas)

Pacific oyster (Magallana gigas) was selected as the target organism for microplastic analysis in bivalve digestive
tracts. A total of 80 individuals were collected from two sites: 40 from Pula Harbour (Figures 1-2) and 40 from
Brijuni National Park. In Pula Harbour, sampling was conducted on 30 November 2025 around midday during
low tide at two accessible stair locations (Figure 3), where oysters occurred in dense intertidal aggregations
(Figure 4). In Brijuni National Park, samples were collected on 17 January 2026 from two locations (Veli Brijun
and Mali Brijun) at ferry piers (Figure 5). Oysters were detached using a flat screwdriver, avoiding shell damage
to prevent contamination. Samples were photographed, stored in ice-filled cooler boxes, transported to the
laboratory and frozen at —20 °C until analysis.

Figure 2. Two sampling locations of Pacific oysters in Pula Harbour (yellow stars)
(Source: Google Earth).
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Figure 5. Two sampling locations of Pacific oysters in Brijuni National Park (yellow stars),
Veli Brijun (left) and Mali Brijun (right) (Source: Google Earth).



2.1.2. Blue crab (Callinectes sapidus)

The invasive non-native blue crab (Callinectes sapidus) was selected as the representative crustacean species
due to its high abundance at the Palud and $¢éuza sites. Palud, a special ornithological reserve south of Rovinj, is
a shallow, highly muddy lagoon habitat with rich marsh vegetation, where blue crabs have been consistently
abundant and established in recent years. S¢uza, in contrast, is a less muddy, artificially enclosed inlet within the
Medulin Bay and represents one of the oldest preserved traditional fishing systems in Istria. Palud is a hypersaline
marsh, whereas S¢uza is a brackish inlet. At Palud, sampling was conducted in the channel connecting the lagoon
to the sea and its immediate surroundings (Figure 6, left; Figure 7). At S¢uza, sampling was carried out in the
western part of the bay, where field access was easier (Figure 6, right; Figure 8).
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Figure 6. Sampling locations of blue crab — Palud (left) and Séuza (right).
Yellow star indicates the sampling area (Source: Google Earth).

Figure 7. Blue crab sampling location at Palud (02 September 2025).



Across eight field sampling events, a total of 100 blue
crab individuals were collected. On four occasions, 52
individuals were sampled at Palud and 48 at S¢uza.
Sampling at the muddy Palud site (Figure 9a) took
longer due to reduced visibility and difficulty in
locating crabs within the sediment, whereas S¢uza
has more rocky substrate and less mud (Figure 9b). To
minimise potential plastic contamination, no plastic
net traps were used; instead, crabs were collected
with a hand net to reduce exposure to plastic
materials during sampling (Figure 9c). However,
several individuals were collected using a set gillnet
intended for a different sampling purposes.
Specimens were then placed in ice-filled cooler boxes
in metal containers (Figure 9d,e) and transported to
the Faculty of Natural Sciences, University of Juraj
Dobrila Pula (Figure 9f), where they were frozen at
-20 °C until laboratory processing.

Figure 8. Blue crab sampling location at
S¢uza (14 September 2025).

Figure 9. Blue crab sampling: (a) muddy habitat at Palud, (b) rocky—muddy habitat at S¢uza, (c) cooler box and sampling
bucket, (d) hand net used for crab collection, (e) blue crabs in a metal bowl! cooling in an ice-filled cooler box and (f) blue
crabs from S¢uza.



2.1.3. Fish: bluefish (Pomatomus saltatrix) i boxlip mullet (Oedalechilus labeo)

Bluefish (Pomatomus saltatrix) and boxlip mullet (Oedalechilus labeo) were selected as target species for
assessing microplastic presence in fish digestive tracts. Bluefish represents a top predator, while boxlip mullet is
a benthopelagic species feeding non-selectively on small particles from sediment, rock surfaces and the water
surface.

A total of 30 bluefish individuals were collected using two approaches: direct provision from a spearfisher and
purchase from fishmongers at the fish market. The spearfisher collected 11 individuals in a Natura 2000 area
(western Istria) using a speargun (Figure 10, left), ensuring intact digestive tracts, and the specimens were
promptly frozen at -20 °C. The remaining 19 bluefish were purchased at the fish market and had been caught
using set gill nets (Figure 10, right) along the western coast of Istria and in the Medulin Bay.

Figure 10. Bluefish caught by speargun (left) and set gill net with 80 mm mesh size (right).

Across three field campaigns, 30 boxlip mullet individuals were collected from two locations in Medulin Bay,
Lokva Cove and Porti¢ Cove (Figure 11, yellow stars). Fish were captured by freediving and driving them into a
set gill net with 18 mm mesh size (Figure 12, upper and middle images), after which they were transported as
quickly as possible to the Faculty of Natural Sciences, University of Juraj Dobrila Pula and frozen at -20 °C in the
laboratory (Figure 12, lower image).
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Figure 11. Lokacije uzorkovanja cipla plutasa (Zute zvjezdice) u Medulinskom zaljevu (lzvor: Google Earth).
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Figure 12. Boxlip mullet sampling using a set gill net with 18 mm mesh size (upper and middle images).
Boxlip mullet samples collected at Lokva Cove, Premantura, on 12 October 2025 (lower image).
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2.1.4. Seabirds

Systematic field surveys for the collection of dead seabirds or regurgitated pellets were conducted on three
occasions: 15 and 16 February 2026 in Brijuni National Park (Kozada and Madonna islets) with a BIOM field team
and staff of the park authority (Figure 13, top), and on 8 March 2026 on Levanic islet in Medulin Bay (Figure 13,
bottom).
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Figure 13. Seabird sampling locations (yellow stars) in Brijuni National Park on Madonna and Kozada islets (top) and in
Medulin Bay on Levanic islet (Source: Google Earth).

Repeated opportunistic searches for dead birds resulted in the recovery of only two individuals: one juvenile
yellow-legged gull (Larus michahellis) found dead on 21 February 2026 on the Marlera Peninsula and one
European shag (Gulosus aristotelis) found on 21 March 2026 in Brijuni National Park. The sea gull died due to
ingestion of a fishing plastic lure and entanglement in fishing line, while the cause of death of the shag could not
be determined. Following the reported increase in avian influenza cases in wild birds announced by the Ministry
of Agriculture, Forestry and Fisheries in late October, the digestive tracts of these specimens were not analysed
(Ministry of Agriculture of the Republic of Croatia, 2025).
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Field surveys in Brijuni National Park were conducted as part of the 2026 European shag census across the Brijuni
archipelago, in collaboration with park employees and the BIOM association. On Kozada and Madonna islets,
where European shags nest in low, dense vegetation, a high number of nests was recorded. Many nests contained
plastic debris incorporated into their structure (Figure 14), most commonly white plastic mesh used in mussel
aquaculture.

Figure 14. Plasti¢ni materijal kao gradevni materijal u gnijezdima morskih vranaca.
(Autorice fotografija: gore Ana Marki¢, dolje Ana Klarin).
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At the second site, Levanic islet in Medulin Bay, seabirds do not breed but use the area for roosting and foraging.
Recorded species included juvenile European shags that are not yet breeding, great cormorants (Phalacrocorax
carbo) and yellow-legged gulls (Figure 15).

Figure 15. European shags and great cormorants (top) and yellow-legged gulls (bottom) on Levani¢ islet
(Photo: Filip Prosic).
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A large number of pellets (Figure 16) and faeces of shags, cormorants and sea gulls were found on the rocky
shoreline of Levanic islet. A total of 45 pellets were of sufficient quality for laboratory analysis. Pellets were
carefully collected and individually wrapped in aluminium foil with corresponding labels.

Figure 16. Seabird pellets collected on Levani¢ islet.
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2.2. LABORATORY ANALYSIS

Laboratory analysis of samples began on 24 October 2025 at the Faculty of Natural Sciences, University of Juraj
Dobrila Pula, following procurement of the necessary chemicals and equipment for microplastic isolation and
identification and establishment of the analytical protocol. In brief, the digestive tract analysis consisted of the
following steps:

e specimen thawing and recording of biometric data

e removal of the digestive tract and placement in a beaker with a chemical digestion solution

e chemical digestion at room temperature or on a magnetic stirrer at elevated temperature (up to 40 °C)

e vacuum filtration of the digested solution

e stereomicroscopic examination of filters (up to 40x magnification)

e storage of suspected microplastic particles for further chemical analysis

e spectrometric analysis for polymer identification

2.2.1. Quality control and contamination prevention

To minimise contamination of samples with environmental microplastics, the entire laboratory was thoroughly
cleaned before each working day using wet wiping procedures, with particular attention to floors to reduce
airborne particle deposition. In addition, all work surfaces used during analysis were regularly cleaned with 100%
cellulose sponges (e.g. Vileda).

After cleaning, a blank control (“procedural blank”) was processed to assess potential contamination, following
the same analytical steps as real samples through to microscopic inspection. Tap water, pre-screened for
microplastic presence, was used as the blank matrix. Fibres were occasionally detected in initial blanks; in
response, the laboratory was re-cleaned and an additional contamination check was performed, after which no
fibres were observed on filters. During blank controls, occasional transparent fibres originating from laboratory
coats were also observed and were excluded from the dataset.

2.2.2. Isolation of microplastics and macroplastics

Chemicals required for digestive tract chemical digestion and
dissolution of calcium carbonate (calcareous material) included
potassium hydroxide (10% KOH), hydrogen peroxide (15% H,0,) and
acetic acid (9% CHsCOOH). Solutions were prepared, mixed and
filtered through a stainless-steel filter (5 um pore size) and stored in
glass bottles until further use (Figure 17).

After thawing, biometric measurements were taken (Figures 18a and
18b). Depending on the organism group, dimensions (length and
width), mass and sex were recorded. For fish, standard length (from
snout to the base of the caudal fin), total length (from snout to the end
of the caudal fin), total mass and sex were measured. After
measurements, the digestive tract was carefully removed (Figures 18c
and 18d) and promptly transferred to a glass jar or beaker for chemical
digestion to minimise contamination risk. If the digestive tract
exceeded a few grams, it was homogenised (chopped and mixed) to
ensure more efficient digestion in 10% KOH or 15% H,0, (Figure 19).

Figure 17. Filtered chemicals.

The homogenised digestive tract is left in 10% KOH or 15% H,0, until complete digestion of the organic material,
which may take from several hours to several days depending on sample composition. To accelerate digestion,
samples are kept warm and ideally placed on a magnetic stirrer with heating (up to 40 °C) for at least a short
period before filtration (Figure 20).

15



Figure 18. Recording biometric data for (a) bluefish and (b) boxlip mullet and
dissection of the bluefish digestive tract (c and d).

Figure 20. Heating of samples on a radiator (top) and on a magnetic stirrer (bottom).

16



After chemical digestion, samples are vacuum-filtered through one or two stainless-steel filters depending on
particle size distribution in the digestive tract. If the sample is homogeneous and contains fine particles, a single
50 um pore-size filter is used. When larger particles are present, a two-stage filtration is applied to facilitate

microscopic analysis, using a lower 50 um filter
and an upper 250 um filter. During vacuum
filtration, the beaker or container is rinsed with
distilled water using a syringe to prevent loss of
microplastics adhering to the walls. If the sample
contains a high amount of calcium carbonate
(CaC0s), including shell fragments from other
organisms, it may be additionally treated with
acetic acid to enhance dissolution.

Microscopic analysis was performed using a
stereomicroscope with up to 40x magnification
(Figure 21). A total of 183 digestive tracts from
target organisms were analysed (80 oysters, 43
blue crabs, 30 boxlip mullet and 30 bluefish).

Figure 21. Microscopic analysis of filtered samples.

Seabird pellet analysis for macroplastics included weighing the pellet prior to analysis, extracting plastic items
and weighing individual pellet components, as well as counting, measuring, identifying plastic type and colour,
and photographing. When necessary, 10% KOH or water was used to soften harder pellet material to facilitate
plastic extraction (Figure 22). The slurry was then filtered through a gauze-covered sieve, after which the material

was dried and further analysed.

Figure 22. Dissolution of pellet content in 10% KOH (left and centre) and filtration through gauze and a sieve.
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2.2.3. Spectrometric analysis of isolated microplastic particles

Raman spectroscopic analysis of particles isolated from digestive tracts was conducted at the Ruder Boskovic
Institute in Zagreb, Division of Materials Physics, using a WITec alpha300 Raman spectrometer (Oxford
Instruments, Ulm, Germany) equipped with a 532 nm laser. At the start of the measurements, the spectrometer
was calibrated using a standard silicon reference sample, measured at at 520 cm™. Raman spectra were recorded
at room temperature using a laser power of 5 mW and a 50x objective lens was used for signal acquisition.

Material identification was performed by comparing the obtained Raman spectra with reference spectra
available in internal and commercial libraries within the Raman software package. In addition, the Open Specy
online platform was used as a complementary tool for microplastic identification, enabling comparison of the
obtained spectra with a large database of reference materials (Cowger et al., 2025). Identification was based on
the position of characteristic vibrational bands, their intensity and the overall spectral shape, with particular
attention given to diagnostic bands specific to individual polymers, pigments or mineral phases. Based on this,
the material type was determined, including polymers or additives such as pigments.

Spectrometric analysis was performed on 100% of isolated particles. A conservative approach was applied in
result interpretation. In cases where particles were lost during transfer from the filter to the microscope slide
and there was no high confidence that the material was a synthetic polymer, such particles were excluded from
the analysis. Likewise, particles with a low signal-to-noise ratio, where reliable discrimination between polymeric
material and potential natural tissues or mineral particles was not possible, were also excluded. Overall, strict
identification criteria for microplastics were applied to ensure high reliability of the final material classification.

2.3. STATISTICAL ANALYSIS

Statistical analyses were performed using the jamovi software package (version 2.6.44.0). One-way analysis of
variance (ANOVA) was used to test differences in the frequency and concentration of microplastics between
groups (location and species). When ANOVA results indicated statistically significant differences, post-hoc tests
were conducted to determine pairwise differences between individual groups. Normality of distribution and
homogeneity of variances were assessed using appropriate diagnostic tests prior to analysis. Results were
considered statistically significant at a significance level of p < 0.05.

2.4. PERMITS FOR FIELD SAMPLE COLLECTION

Permits for field sample collection were requested and obtained as follows:

- Permit from the Ministry of Environmental Protection and Green Transition
Class: UP/1-352-02/25-15/75
Reg. No.: 517-06-2-1-25-2

- Permit from Istria County

Class: UP/1-352-01/25-01/24
Reg. No.: 2163-08-02/5-25-3
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3. RESULTS AND DISCUSSION

3.1. MICROPLASTICS IN BIVALVES

Bivalve samples were collected from two locations: Pula Harbour, which is situated near a traffic road and other
potential sources of plastic pollution such as stormwater drainage systems, and Brijuni National Park, which is
distant from common pollution sources associated with urbanised areas. From each location, 40 individuals were
collected (N = 40), as shown in Table 2. The average soft tissue mass of oysters sampled in Pula and Brijuni
National Park was approximately similar, at 6.0 g and 6.4 g, respectively.

Table 2. Oyster samples and their mean mass (SE — standard error).

Number of analysed individuals (N) Average mass (g) + SE
Pula Harbour 1 20 5.0+£0.8
Pula Harbour 2 20 7.0+£1.2
Pula Harbour (Total) 40 6.0+1.0
Mali Brijun 20 8.1+0.8
Veli Brijun 20 46+0.5
NP Brijuni (Total) 40 6.4+0.8
Total 80 6.2+0.9

Microplastic analysis in oysters was performed by digesting the entire soft tissue of bivalves, rather than only the
digestive tract. For chemical digestion, 10% KOH was used, which is highly effective for the breakdown of this
type of tissue; in some cases, a single sample was fully digested in less than one hour. As digestion was complete,
the residual solution was easily filtered through a 50 um pore-size filter. Overall, oysters showed very little residue
on the filters and microscopic analysis was quick and straightforward.

In total, 48 microplastic particles were found in 27 individuals (33.8%), corresponding to an average of almost
two particles per oyster. In oysters from Pula Harbour, microplastics were present in 60% of individuals, whereas
in oysters from Brijuni National Park, microplastics were detected in only 7.5% of individuals. Further details on
microplastic abundance per sub-location are presented in Figure 23 and Table 3.
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Figure 23. Presence of microplastic particles in analysed oysters.
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Table 3. Microplastic abundance in oysters from different locations.

Number of Percentage of Number of Number of particles
individuals with individuals with microplastic per individual
microplastics (#) microplastics (%) particles (#) (#MP/individual)

Pula Harbour 1 13 65 28 2.2
Pula Harbour 2 11 55 17 1.5
Pula Harbour 24 60 45 1.9
Mali Brijun 1 5 1 1.0
Veli Brijun 2 10 2 1.0
NP Brijuni 3 7.5 3 1.0
Total 27 56.3 48 1.8

To compare microplastic abundance (MP count) among the four locations (Pula Harbour 1, Pula Harbour 2, Mali
Brijun and Veli Brijun), a one-way analysis of variance (One-way ANOVA) was performed using the jamovi
software package. The results showed statistically significant differences between locations. Post hoc Tukey tests
indicated that Pula Harbour 1 differed significantly from both Mali Brijun and Veli Brijun (p < 0.05), while the
difference between Pula Harbour 2 and Veli Brijun was marginally significant (p = 0.05). No statistically significant
differences were observed between Mali Brijun and Veli Brijun (p = 0.99) or between Pula Harbour 1 and Pula
Harbour 2 (p = 0.23) (Figure 24). Comparable results were reported in a study from England, where populations
of the European flat oyster (Ostrea edulis) from urban areas contained significantly higher concentrations of
microplastics compared to those from rural locations (Zapata-Restrepo et al., 2025).
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Figure 24. Microplastic abundance per oyster.

Of the 48 isolated microplastic particles, most were fragments (41) (Figure 25). In addition to fragments, seven
fibres and one film were identified. Black was the dominant colour, most commonly occurring in fragment form,
followed by blue particles (Figure 25). Mean particle sizes were below 1 mm. Fragments averaged approximately
200 um, fibres around 800 um and the film approximately 300 um in size. Under the stereomicroscope, black
fragments showed an amorphous and clumped appearance (Figure 26), and probing with a laboratory needle
suggested a rubber-like consistency.
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MP Type Quantity Av. length (pm)

Fragments 41 208
Fibres 6 792
Film 1 300

E 1
1
2

Fragment Fibre Film

Figure 25. Types and colours of microplastic particles isolated from oysters. Mean particle sizes are shown in the table on
the right. The longest axis was measured and expressed in micrometres (um).
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Figure 26. Black particles isolated from oysters from Pula Harbour (samples MAG 41, 10 and 5).

Spectrometric confirmation and identification of microplastic particle composition in oysters proved challenging.
The particles visually dominating most samples were small black rubber-like fragments. For a large proportion of
these particles, the acquired Raman spectra showed a low signal-to-noise ratio, with pronounced background
noise and without clearly defined characteristic bands, which hindered reliable interpretation. In many cases,
the spectra also did not match reference spectra available in spectral libraries.

For a subset of particles that produced spectra of sufficient quality, rubber was identified as the most probable
material (Figure 27). Since several of the black rubber-like particles yielded reliable spectra, other
morphologically identical particles (based on stereomicroscopic observation) were also classified as rubber,
although high-quality spectral confirmation could not be obtained for all of them.

Identification of particles in oyster samples therefore relied on a combination of spectral analysis and
morphological comparison with particles for which reliable spectra were obtained.
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Figure 27. Spectrum of a black particle from an oyster at Pula Harbour 2, for which the Open Specy software indicates a
75% match with Tragacanth rubber (Cowger et al., 2025).
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Identification of microplastics by Raman spectroscopy is often challenging for dark and highly pigmented
particles, particularly in samples of biological origin such as bivalves. One of the main limitations is fluorescence
caused by pigments, additives and residual organic material, which can be several times more intense than the
Raman signal itself and may mask characteristic spectral bands (Nava et al., 2021; Aloia et al., 2025). It has also
been emphasised that pigments and additives in plastics can substantially reduce identification accuracy by
obscuring polymer-specific spectral features (Azari et al., 2024). This issue is especially pronounced in black
particles, which are known to frequently produce indistinct or unusable spectra. Black particles commonly
contain carbon black, a pigment widely used in consumer products to colour plastics black, protect them from
UV degradation and improve material properties (Konings et al., 2024). In addition, environmental weathering,
biofilm formation and organic material adhering to particles may increase background signal and spectral noise,
resulting in low signal-to-noise ratios and making comparison with spectral libraries more difficult (Umurhan et
al., 2025). Due to these limitations, spectroscopic analysis is often recommended to be combined with
complementary methods such as Fourier Transform Infrared (FTIR) spectroscopy in order to improve the
reliability of particle classification.

Although rubber is not usually the dominant fraction of microplastics, it has been identified as a relevant
component of microplastic contamination in marine organisms, including bivalves, and is often associated with
sources such as tyre wear and maritime activities (Wang et al., 2025). Kargar et al. (2025) reported that fibres
and fragments generally dominate in bivalves, with fibres typically representing the most abundant fraction
across different species and environments. A review on microplastics in oysters highlighted that particle
composition can vary substantially depending on local pollution sources and analytical methods used for
identification (Liu et al., 2023). Since only stormwater, but not sanitary sewage, is discharged into Pula Harbour,
and sanitary wastewater is otherwise considered a major source of synthetic microfibres in marine environments
(Mishra et al., 2019), fragments rather than fibres dominated oyster samples from this location. Given that a
traffic road runs along the entire harbour area, we hypothesise that stormwater runoff and surface washout
transport substantial quantities of tyre-wear particles into the sea, where they subsequently accumulate in
oysters. Our findings therefore support the interpretation that the presence of rubber-like fragments in samples
may reflect specific local pollution sources, in this case traffic-related contamination.

Bivalves are considered among the most suitable bioindicators of microplastic pollution due to their biology and
feeding strategy. As filter feeders, they process large volumes of water and non-selectively retain suspended
particles, including microplastics, thereby effectively integrating contamination signals from the surrounding
environment (Pizzuro et al., 2025). For this reason, they are widely used in monitoring programmes such as the
Mussel Watch programme as indicators of environmental quality. An additional advantage is the relatively simple
collection and processing of samples, including efficient digestion of soft tissue (e.g. using KOH digestion), which
enables standardised microplastic analysis. Furthermore, bivalves respond rapidly to environmental changes and
accumulate particles at concentrations reflecting local conditions, making them particularly useful for spatial
comparisons of pollution levels (Zapata-Restrepo et al., 2025). Invasive non-native species may provide
additional benefits in monitoring programmes because their use avoids sampling native species, while they are
often widespread, tolerant of varying environmental conditions and available in high densities, enabling
consistent sampling and long-term environmental monitoring.

Although oysters are an invasive species and their contamination with microplastics has limited direct economic
relevance, their presence may serve as an indicator of broader environmental pollution, with the assumption
that similar contamination patterns also occur in other filter-feeding organisms such as the native oyster Ostrea
edulis and mussels (Mytilus spp.), which have high ecological and economic importance. Tyre-wear particles and
associated chemical compounds may negatively affect the physiology, reproduction and early developmental
stages of bivalves and other marine organisms, including reduced filtration activity, altered reproductive success
and toxic effects of both leachates and the particles themselves (Bernardini et al., 2024; Thomsen et al., 2024;
Foscari et al., 2025; Savino et al., 2025; Michelangeli et al., 2026). Similar effects have also been reported in other
benthic organisms, including sea urchins, where leachates from rubber particles showed toxicity to early
developmental stages (Rist et al., 2026), indicating broader ecotoxicological implications of these particles in
coastal ecosystems.
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Considering the potential accumulation of microplastics in filter-feeding organisms, the consumption of shellfish
from areas with high anthropogenic impact should be avoided and depuration procedures prior to consumption
are recommended. Depuration may reduce contaminant loads in shellfish tissues, including microplastics,
thereby decreasing the potential intake of particles through food consumption (Liu et al., 2023; Pizzuro et al.,
2025).
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3.2. MICROPLASTICS IN CRUSTACEANS

Microplastic presence in blue crabs (Callinectes sapidus) was assessed exclusively through stomach analysis, as
the intestines are difficult to separate from surrounding tissues without damage, while crab tissue itself is highly
resistant to chemical digestion. For this reason, it was necessary to minimise the amount of material subjected
to digestion. Stomachs frequently contained non-digestible or poorly digestible material, such as cellulose and
shell fragments. For the first ten stomach samples, a 10% KOH solution was used, but digestion proved slow and
limited. Therefore, the remaining samples were treated with 15% H,0,, which is commonly applied for efficient
digestion of organic matter in biological samples while preserving microplastic particles (Wootton et al., 2025).

A total of 100 blue crab samples were collected, but after analysis of the first 20 individuals it was determined
that 40 specimens were sufficient to obtain statistically reliable results due to the consistency of findings. From
each location, 20 individuals were randomly selected (N = 20), with an equal sex ratio between males and
females. Individuals had an average carapace width of approximately 10 cm, carapace length of around 5 cm and
body mass of approximately 75 g (Table 4). Since three individuals were contaminated with fragments of fishing
net used during capture (Figure 28), they were excluded from further analysis and replaced with three additional
individuals. Consequently, the final analysis was conducted on a total of 43 individuals. The fishing net fragments
themselves also represent a valuable and noteworthy finding, confirming that blue crabs are capable of
fragmenting larger plastic items and thereby contributing to microplastic generation.

Table 4. Number of analysed individuals and biometric data (SE — standard error).

Number of Mean .carapace Mean carapace Mass + SE
analysed width, length, (&) Sex (F, M)
individuals (N) CW £ SE (cm) CL + SE (cm) g
Palud 20 9.8+0.2 4.7+0.1 72.1+4.6 10F, 10M
$¢uza 20 10.2+0.3 49+0.1 78.9+5.8 10F,10 M
Total 40 10.0+0.3 4.8+0.1 75.5+5.2
M ) .'Tx, '
‘_x'
* A
.
4 1000 pum

Figure 28. A fragment of fishing net extracted from the digestive tract of a blue crab.
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Analysis of stomach contents for the presence of microplastics revealed a relatively low level of contamination.
Of the 40 analysed crabs, eight individuals contained microplastics in the digestive tract, representing 20% of the
total sample. A total of 15 microplastic particles were isolated from these eight stomachs, corresponding to an
average of approximately two particles per individual (Table 5).

Crabs from Séuza contained higher amounts of
microplastics compared to those from Palud (Figure
29). Palud is an area distant from direct anthropogenic 35 - 13 particles in
influence and protected as a nature reserve, and the 6 individuals
lower contamination levels may therefore reflect
limited microplastic input into the system. In Palud,
microplastics can enter only through the channel
connecting the lagoon with the sea, predominantly as
floating material. Since crabs inhabit muddy
substrates, the likelihood of ingesting floating plastics
in such an environment is reduced.
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Percentage of crabs with MP (%)

In contrast, the S¢uza site is located near a main road
and is potentially influenced by urban pollution 5 10%
sources, including surface runoff and possible
stormwater or sanitary sewage discharges into the bay,
which may explain the higher exposure to microplastics
observed at this location. Figure 29. Presence of microplastics in blue crabs.

Palud Séuza

Table 5. Microplastic abundance in blue crabs from different locations.

Number of Percentage of Number of Number of particles per
individuals with individuals with microplastic individual
microplastics (#) microplastics (%) particles (#) (#MP/individual)

Palud 2 10 2 1.0
S¢uza 6 30 13 2.2

Total 8 20 15 1.9

A one-way ANOVA was performed in the jamovi a
software package to examine differences in the
number of contaminated individuals and the
quantity of microplastics between the two
locations. As the assumption of homogeneity of
variances was violated, as confirmed by Levene’s
test, Welch’s ANOVA was applied as a robust
alternative to the classical ANOVA. The analysis
showed that the difference between locations
was not statistically significant (p = 0.072) (Figure
30).

3.5
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1.5

Microplastics isolated from blue crabs were
predominantly small fragments and fibres, as
shown in Figure 31. As observed in oysters, black
was also the dominant colour in crabs. Only two 0.5
black fibres were found in crabs from Palud,

whereas crabs from S¢éuza contained eight 0 N
fragments, four fibres and one film. Palud S¢uza

MP quantity per individual (#/ind)

a8

Figure 30. Microplastic abundance per individual.
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MP Type Quantity Av. length (um)

Fragments 8 294
Fibres 6 1127
Film 1 1000

i

Fragment Fibre Film

Figure 31. Types and colours of microplastic particles isolated from blue crabs. Mean particle sizes are shown in the table on
the right. The longest axis was measured and expressed in micrometres (um).

Spectrometric analysis enabled identification of the synthetic polymer type for six microplastic particles, while
the remaining nine produced spectra of poor quality with a low signal-to-noise ratio. Nevertheless, visual
examination under the stereomicroscope confirmed that these particles were of anthropogenic origin (Figure
32). Three particles were identified as polyethylene terephthalate (PET) (two fibres and one fragment), two as
polypropylene (PP) (one fragment and one film) and one as polystyrene (PS) (fragment).

L
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Figure 32. Microplastics from blue crabs under a stereomicroscope (samples CAL 5, CAL 14 and CAL 19).

Several recent studies have confirmed the presence of microplastics in blue crabs, with contamination levels
varying depending on location and degree of environmental pressure. For example, a study from the Balearic
Islands reported microplastics in 65.8% of individuals, with an average of approximately 1.4 particles per crab,
where fibres dominated over fragments (Compa et al., 2023). In blue crabs from the Mar Menor Lagoon in Spain,
Villoria-Calvo et al. (2026) reported substantially higher mean abundance (17.28 + 2.90 particles per individual),
with a predominance of fragments (87.7%) and polymers such as PP, PE and PET, whereas Renzi et al. (2020) in
the Lesina Lagoon in Italy reported lower values (approximately 2.5 particles per individual) with both fibres and
fragments present and a spatial distribution of particles among different tissues. In comparison with these
studies, our results show a lower prevalence of contamination (20% of individuals) but a comparable number of
particles per contaminated individual (~2 particles), with fragments also dominating over fibres. This pattern
suggests a locally limited but present input of microplastics, likely strongly influenced by specific pollution
sources and habitat characteristics, consistent with trends observed in other invasive blue crab populations.

The blue crab is an epibenthic, opportunistic and generalist predator feeding on a wide range of benthic
organisms, including bivalves, other crustaceans, worms, small fish, detritus and plant material, with its diet
strongly dependent on prey availability and environmental conditions (Gencer & Aguilar Vitorino, 2023). Due to
this dietary flexibility, it plays an important role in benthic food webs, functioning both as predator and scavenger,
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while also serving as prey for larger fish and higher trophic levels, particularly in juvenile stages. In invaded areas,
it can significantly affect prey community structure, including commercially important bivalves, leading to
changes in local trophic relationships and competition with native species (Ondes et al., 2025). Given its position
in the food web, microplastics accumulated in benthic and planktonic compartments may be transferred to
higher trophic levels through feeding, including human consumption, as the blue crab is increasingly becoming
a commercial and food species in the Mediterranean.

Blue crabs inhabiting areas distant from direct anthropogenic influences, such as roads and wastewater
discharges, showed low levels of microplastic contamination in this study. Given their role as a seafood species,
this suggests that the risk of microplastic intake through consumption is likely reduced in such areas. However,
due to variability in contamination depending on location, caution remains warranted, especially for individuals
collected from urban and potentially polluted environments.

Although blue crabs are often proposed as potential bioindicators of marine pollution due to their wide
distribution and benthic lifestyle, their applicability in routine biomonitoring has certain limitations. Sample
collection is logistically demanding, which can hinder standardised and repeatable sampling over time and space.
In addition, the complexity of tissues and the presence of hard-to-digest components in the digestive system
complicate laboratory processing. Due to these constraints, while they can provide useful information on local
contamination, blue crabs are not an optimal bioindicator of microplastic pollution compared to filter-feeding
organisms such as bivalves, which allow simpler, more standardised and more comparable monitoring
approaches
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3.3. MICROPLASTICS IN FISH

Two fish species were selected to assess the presence of microplastics in digestive tracts: bluefish and boxlip
mullet. Bluefish is highly invasive in Istria and was selected to provide insight into microplastic occurrence in
pelagic top predators without the need to remove native species from the environment, despite being relatively
difficult to sample. In contrast, boxlip mullet is a native, non-invasive species commonly found in shallow coastal
areas and feeds in a benthopelagic manner. The trophic level of bluefish is 4.5, whereas that of boxlip mullet is
2.8, indicating that bluefish occupies a significantly higher position in the food web and that boxlip mullet may
represent a potential prey item.

A total of 30 digestive tracts per species were analysed (N = 30), resulting in 60 individuals in total. Bluefish had
an average standard length of approximately 32 cm, while boxlip mullet averaged around 13 cm (Table 6). Female

individuals predominated in both species.

Table 6. Number of analysed individuals and biometric data (SE — standard error).

Number of Mean standard Mean total
Mass * SE Sex
analysed length, length, (&) (F,M,))
individuals (N) SL £ SE (cm) TL £ SE (cm) 8 Y
Bluefish 30 32.3+0.6 41.4+0.8 72.1+4.6 20F, 10 M
Boxlip mullet 30 12.9+0.2 16.1+£0.3 78.9+5.8 17F,12M,1)
Total 60

For microplastic isolation via chemical digestion, a 10% KOH solution was used, and when necessary, 9% acetic
acid was applied in cases where gastric contents contained calcite particles or shell fragments. In bluefish,
digestion was often complete with very little undissolved residue, and in such cases the solution was filtered
through a 50 um pore-size filter. However, boxlip mullet stomachs frequently contained highly heterogeneous
material (e.g. rock fragments, fish bones and invertebrate shells) that was not always fully digested. Therefore, a
second 250 um filter was placed above the 50 um filter. This allowed larger and smaller particles to be separated
onto two filters, which significantly facilitated microscopic examination.

In total, 123 microplastic particles were isolated from 32 individuals of both species. Bluefish contained
considerably less microplastic than boxlip mullet (Figure 33). Of the 30 bluefish individuals, eight contained
microplastics (27%), whereas 24 of 30 boxlip mullet individuals contained microplastics in their digestive tracts
(80%) (Table 7). On average, boxlip mullet contained almost five microplastic particles per positive individual,
while bluefish contained just over one particle per positive individual.
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Figure 33. Presence of microplastic particles in analysed fish.
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Table 7. Microplastic abundance isolated from the digestive tracts of bluefish and boxlip mullet.

Number of Percentage of Number of  Number of particles per
individuals with individuals with microplastic individual
microplastics (#) microplastics (%) particles (#) (#MP/individual)

Bluefish 8 27 10 13
Boxlip mullet 24 80 113 4.7
Total 32 53 123 3.8

Statistical analysis was performed using the jamovi software package, applying a one-way ANOVA test to
compare microplastic abundance between bluefish and boxlip mullet. The results indicated a statistically
significant difference between groups (p < 0.05) (Figure 34).
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Figure 34. Microplastic abundance per individual.

Of the 123 isolated microplastic particles, more than half were fragments (Figure 35 and Table 8). In bluefish,
fibres were predominant, whereas boxlip mullet digestive tracts mainly contained fragments and films, with
fibres representing the smallest fraction (Figures 35 and 36). The dominant colours were blue and white.
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Figure 35. Types and colours of microplastic particles isolated from fish.
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Table 8. Particle abundance and mean sizes. The longest axis was measured, expressed in micrometres (um).

Bluefish Boxlip mullet
MP Type Quantity  Av. length (um) Quantity  Av. length (um)
Fragments 3 435 66 381
Fibres 5 1200 12 1250
Film 2 1075 35 999
) 1000 pm W
1000 pm : g

) 1000 pm
& — = 1000 um

Figure 36. Fragments, fibres and films of microplastics found in the digestive tracts of bluefish (top)
and boxlip mullet (bottom).

Raman analysis of isolated particles from fish was considerably more successful than in oysters and blue crabs.
It was unsuccessful for three particles extracted from fish digestive tracts (one from bluefish and two from boxlip
mullet). Since the obtained spectra were of low quality and visual inspection under a stereomicroscope did not
allow unambiguous confirmation that the particles were plastic, these were excluded from further analysis. An
additional three particles were identified as minerals calcite (two) and rutile (one) and were also excluded.

Of the remaining 10 particles from bluefish and 113 from boxlip mullet, the polymer type was determined for a
total of 52 particles (three from bluefish and 49 from boxlip mullet). For the remaining particles, the spectra
showed a low signal-to-noise ratio; however, visual inspection confirmed that they were anthropogenic synthetic
material, and these were therefore classified as “synthetic polymer”. In nine cases, pigments rather than the
polymer itself were identified, which is consistent with Azari et al. (2024), who noted that dyes and additives can
obscure spectral polymer features and hinder identification. In addition, eight particles were lost during transfer
from the filter to the microscope slide, although they had previously been confirmed as polymers under
microscopic observation. Overall, a conservative approach was applied and only particles with a high level of
certainty were classified as microplastics.
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Figure 37. Synthetic polymers detected in the analysed fish.
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Currently, no studies are available on the presence of microplastics in boxlip mullet, making it impossible to
directly compare our results with existing literature or to assess whether the observed high ingestion rate (80%)
is typical for this species. In contrast, several studies exist for bluefish that allow contextualisation of the results.
For example, Aytan et al. (2021) reported microplastics in two out of 17 examined bluefish individuals (12%),
which is lower than the proportion observed in our study (27%). In Figicilar et al. (2021), bluefish showed one of
the higher ingestion rates, with 67% of individuals containing microplastics in their digestive tracts. In both
studies, as well as in the present work, microfibres were the dominant particle type. These differences in
microplastic occurrence among studies can be attributed to local environmental conditions and varying levels of
anthropogenic pressure in the studied areas, while similarities in particle composition suggest shared sources of
pollution in marine ecosystems.

The difference in microplastic prevalence between bluefish and boxlip mullet is most likely driven by differences
in feeding strategy. Mullets feed by non-selectively grazing and suction-feeding from the seabed and water
surface, thereby coming into direct contact with accumulated microplastics and ingesting higher amounts of
environmental particles. In contrast, bluefish are active, selective predators that feed on mobile prey in the water
column and are therefore less directly exposed to environmental microplastics. Although boxlip mullet may
represent a potential prey item for bluefish, which introduces the possibility of secondary ingestion through the
food web, the substantially higher microplastic prevalence in mullet compared to bluefish suggests that the
dominant pathway of uptake is not trophic transfer but direct environmental exposure. These differences in
feeding behaviour and microhabitat use likely explain the lower microplastic levels observed in bluefish despite
their higher trophic position and also suggest that boxlip mullet were probably not represented as prey in the
analysed bluefish individuals in this study.

Given the relatively low frequency and concentration of microplastics observed in bluefish in this study, this
species can be considered an acceptable species for human consumption. Additionally, bluefish is an invasive
species in many regions, including the study area, and its removal from the environment may have a positive
ecological effect by reducing pressure on native communities. Therefore, consumption of bluefish may represent
a potentially beneficial approach that simultaneously reduces human exposure to microplastics and contributes
to the control of an invasive population in marine ecosystems.

For the purposes of microplastic biomonitoring, boxlip mullet appears to be a more suitable bioindicator
organism than bluefish, despite the greater technical difficulty associated with processing its digestive tracts.
Although sample preparation for mullet is more complex due to the diverse and often highly resistant stomach
content, this species exhibits a higher and more stable occurrence of microplastics, thereby enabling more
sensitive detection of local pollution levels. In contrast, bluefish are more difficult to sample and showed low
levels of contamination in this study, which limits their informative value as a bioindicator. This approach is
consistent with the recommendations of Valente et al. (2025), who emphasise that the selection of bioindicator
species should be adapted to the local context. In this sense, boxlip mullet represents a better indicator of the
actual availability of microplastics in the study area and is more suitable for future monitoring programmes
compared to bluefish.
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3.4. MACROPLASTICS IN SEABIRDS

Pellet analysis is one of the most widely used and well-established methods for studying the diet of shags,
cormorants and sea gulls, as it enables non-invasive determination of prey composition and other ingested
materials in seabirds (Barrett et al., 2007) (Figure 39). During a field survey of Levani¢ islet, where shags,
cormorants and sea gulls are present, 45 pellets were collected, of which 10 were randomly selected for detailed
analysis. Since plastic was found in all analysed pellets (100% occurrence), and its presence was also observed
during field inspection of most remaining samples, it was concluded that the analysed material showed a high
level of consistency. Therefore, N = 10 was selected as a practical and sufficiently informative subsample for
further detailed analysis.

Figure 39. Pellets of shags, cormorants and gulls in 6 x 6 cm dishes.

The contents of the pellets indicate that some samples likely belong to shags and cormorants, while others
originate from sea gulls. Certain pellets contained highly diverse material such as olive stones, rock fragments,
bones of terrestrial animals, glass, paper and plant material, whereas others consisted exclusively of fish remains,
including bones and scales. Given that sea gulls have an opportunistic and highly generalist diet often associated
with anthropogenic food sources, while cormorants feed predominantly on fish, we assumed that pellets
containing exclusively fish remains belonged to cormorants, whereas those with more diverse contents were
attributed to sea gulls (Barrett et al., 2007; Vieira et al., 2026; Cosolo et al., 2011).

The total mass of the analysed pellets was 46.65 g, while the mass of plastic was 1.91 g, corresponding to an
average of 4.1% of the total pellet mass (Table 9). In some pellets, the mass fraction of plastic exceeded 30%.
Regardless of whether the pellets originated from shags, cormorants or sea gulls, all contained plastic, with a
minimum of one plastic item (shag or cormorant pellet) and a maximum of 59 (sea gull pellet). In total, 274
plastic items were extracted from 10 pellets, corresponding to an average of 27 items per pellet.

Table 9. Data on pellets and extracted plastic.

Pellet Plastic Percentage of Number of plastic

Sample . .
mass (g) mass (g) plastic (%) pieces (#)
LVNC 3 (sea gull) 2.9 0.09 3.1 9
LVNC 6 (shag/cormorant) 3.48 0.01 0.3 1
LVNC 13 (sea gull) 1.44 0.67 46.5 41
LVNC 17 (sea gull) 9.94 0.27 2.7 56
LVNC 24 (shag/cormorant) 3.61 0.12 3.3 16
LVNC 29 (sea gull) 14.3 0.17 1.2 32
LVNC 30 (sea gull) 0.67 0.23 343 15
LVNC 36 (sea gull) 1.75 0.06 3.4 19
LVNC 39 (sea gull) 1.28 0.08 6.3 26
LVNC 45 (sea gull) 7.28 0.21 2.9 59
Total (N = 10) 46.65 1.91 4.1 274
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The most abundant type of plastic in the pellets was plastic film (Table 10). Of the total 274 plastic items, 204
were classified as film, most commonly in the form of fragments of thin plastic bags of various sizes. Fibres were
also present, often occurring as entangled aggregates, while fragments, pieces of expanded plastics (such as
polystyrene foam and sponge-like material) and plastic pellets were less frequent. The average size of all plastic
items was 1.23 cm, with a range from 2 mm to 7 cm. The most common colours were white, black, green, blue
and red and transparent plastic was also observed (Figure 40).

Table 10. Types of plastic isolated from seabird pellets.

Fragments Film Fibres Plastic pellets = Foamed plastic Total

21 204 37 1 11 274
19 OColourless
— s OWhite
OYellow
OOrange
MRed
2 EBlue
a W Green
B Brown
O Gray
M Black
103
4
2
4 2
F : - 17 L 1 2
14 |1 2 M |
Fragment Film Fibre Pellet Foamed plastic

Figure 40. Type and colour of plastic from pellets.

Although the mass fraction of plastic in pellets is relatively low, its numerical abundance (Figures 41 and 42)
indicates a high frequency of ingestion. Each individual plastic item represents non-digestible and non-caloric
material that occupies space in the digestive system and may displace nutritionally valuable food, which under
conditions of high ingestion frequency may potentially lead to energy deficiency and reduced body condition in
individuals.

In shags, cormorants and sea gulls, the frequency of pellet formation and regurgitation varies and depends on
prey size and type. Russell et al. (1995) found that marine cormorants regurgitate pellets at intervals ranging
from 1 to 7 days, with an average of 3.7 days, corresponding to approximately 89 hours. For sea gulls, literature
data are available on food retention time in the digestive system rather than pellet formation. Hilton et al. (1998)
report that food retention time ranges between 4 and 7 hours, depending on meal size. In addition, prey such as
fish and squid is digested significantly faster than crustaceans and other organisms with hard exoskeletons or
shells. For illustrative purposes, if an average of eight plastic items per pellet is considered and shags/cormorants
produce pellets approximately every 89 hours, this corresponds to an average ingestion rate of one plastic item
every 11 hours. In sea gulls, ingestion is likely considerably more frequent. Assuming an average of 32 plastic
items over a food retention period of 4 to 7 hours, this corresponds to approximately 5 to 8 plastic items ingested
per hour. Such rates suggest continuous and chronic exposure to plastic rather than isolated ingestion events.

As plastics and other pollutants accumulate in the environment and natural food resources become increasingly
limited, wild populations will more frequently rely on anthropogenic food sources (Nono Almeida et al., 2023).
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Seabirds were among the first marine organisms in which plastic was documented in the late 1960s (Rothstein,
1973) and since then a large body of literature has reported this phenomenon on a global scale.

High rates of plastic ingestion have been recorded in both sea gulls and shags/cormorants. For example, 84% of
pellets from the Australasian Pacific gull (Stewart et al., 2020) and 84% of sea gull pellets from France (Nono
Almeida et al., 2023) contained plastic. Nono Almeida et al. (2023) extracted 284 plastic items from 143 pellets,
predominantly film, which is comparable to our findings, albeit based on a substantially larger sample size.

3

Figure 41. Pellet content: top row — a sea gull pellet containing 32 plastic bag fragments and 9 fibres and fibrous plastic
pieces. The lower row shows natural material consisting of paper and plant material.
Bottom — a sea gull pellet containing 43 plastic bag fragments, 9 fibres and fibrous plastic pieces, 3 fragments and 1
polystyrene bead. The lower row contains olive stones, a terrestrial animal bone and paper material.
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Figure 42. Content of a shag or cormorant pellet containing 16 plastic bag fragments and fish remains.

Maaseide et al. (2024) analysed faeces of European shags in Norway and detected microplastics in 69% of
samples, with most particles smaller than 300 um. Alvarez et al. (2018) reported a high proportion of microfibres
in 63% of shag pellets. In a more recent study, Santin & Alvarez (2026) also confirmed a high prevalence of
microfibres, with a total of 521 fibres in 49 analysed pellets. However, studies such as Alvarez et al. (2018) and
Maaseide et al. (2024) carry an increased risk of sample contamination by airborne fibres during collection and
laboratory processing, while Santin & Alvarez (2026) also report that procedural blanks were not performed.

In several sea gull pellets from Levani¢, expanded polystyrene (Styrofoam) was also found. Bearzi et al. (2022)
describe how sea gulls in the western Adriatic occasionally peck at polystyrene buoys used by fishers, causing
mechanical damage. This behaviour is mostly recorded in winter, varies between years, and the economic
damage to fisheries is relatively small (approximately 3—-4 euros per buoy); however, it contributes to the
generation of additional microplastics entering the marine environment. The cause of this behaviour remains
unclear and the authors highlight the need for further monitoring due to potential impacts on birds and the
marine environment.

While shags and cormorants feed exclusively at sea and may accidentally ingest plastic as part of their prey, in
our study sea gulls were identified as vectors transferring plastic from land to the marine environment. Their
pellets contained numerous terrestrial items such as glass, fabric, rock fragments and olive stones. This suggests
that sea gulls frequently ingest anthropogenic materials on land and subsequently introduce plastic and other
waste into the marine environment through pellet egestion.

In addition to direct environmental ingestion, plastic can enter seabirds via trophic transfer through consumption
of contaminated prey, as experimentally demonstrated in several predator—prey systems (Farrell & Nelson, 2013)
and field studies (Marki¢ et al.,, 2018). However, our analyses could not confirm such transfer, i.e.
biomagnification, with certainty. For example, one shag/cormorant pellet contained 16 fragments of plastic bag
material, but this is more likely the result of direct ingestion rather than secondary uptake through prey.

Analysis of individual carcasses alone may not always detect plastic, as shags, cormorants and sea gulls regularly
regurgitate pellets. For instance, Benjaminsen et al. (2024) found no plastic in the digestive tracts of great
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cormorants and European shags in Norway obtained as fishery bycatch. In our study, we did not analyse live
individuals and we therefore suggest that pellet analysis alone is sufficient for routine monitoring of plastic
contamination in seabirds that produce pellets. This approach is considerably less time-consuming, more cost-
effective and more practical for long-term monitoring programmes.

37



4. CONCLUSION

The results of the study “Presence of Microplastics in the Food Web and Macroplastics in Seabirds —
WASTEREDUCE Project” demonstrate that micro- and macroplastic pollution is widely integrated into marine
food webs, with pronounced differences among trophic groups but without a clear linear relationship between
trophic level and the amount of ingested plastic. The highest level of microplastic contamination was recorded
in fish, while the lowest was observed in crabs.

Pacific oysters confirm their role as sensitive bioindicators, despite not representing the group with the highest
frequency of microplastic ingestion in this study (34%). Their value as organisms suitable for monitoring plastic
pollution lies in their stable filtration-based exposure and their ability to integrate local pollution signals, making
them reliable indicators of spatial differences in contamination, particularly between urban and protected areas.

Blue crabs showed a moderate and locally variable presence of microplastics (20% of individuals), with a clear
influence of local anthropogenic pressure. Crabs function as benthic opportunists and their exposure to
microplastics arises from contact with sediments and feeding on detritus and benthic organisms. Since blue crab
sampling and laboratory processing are technically demanding, we do not consider them an ideal organism for
monitoring environmental conditions with respect to plastic pollution.

The boxlip mullet showed an exceptionally high frequency of ingestion (80% of individuals), whereas the
frequency in bluefish was considerably lower (27%). This difference clearly indicates the dominant role of feeding
strategy in determining exposure to microplastics. Mullets, as benthopelagic and non-selective feeders,
continuously ingest particles from sediments and the sea surface layer where microplastics accumulate. Bluefish,
as active pelagic predators occupying a higher trophic level, showed lower frequency and abundance of
microplastics, suggesting that an increase in trophic level does not necessarily result in greater particle
accumulation or biomagnification. Due to its non-selective feeding behaviour, we consider the boxlip mullet to
be a more suitable indicator of plastic pollution in a given area.

Seabirds exhibited the most extreme pattern of plastic accumulation at the macroplastic level. Pellets contained
high quantities of plastic particles, predominantly films, indicating intensive and repeated ingestion of
macroplastics. In this case, the dominant mechanism of intake is not trophic transfer but direct consumption of
anthropogenic waste, with birds additionally acting as vectors transporting waste between terrestrial and marine
systems.

In the context of trophic transfer and biomagnification, our results do not support classical biomagnification of
microplastics through food webs. Instead, the observed distribution pattern suggests that exposure is primarily
determined by ecological niche and feeding strategy, while trophic level has a secondary or even limited
influence. This confirms that microplastics do not follow typical biomagnification patterns characteristic of
persistent organic pollutants, although the transfer of associated chemicals and additives through food webs
remains possible.

For biomonitoring purposes, the results clearly indicate that filter-feeding bivalves and some fish species,
particularly benthopelagic species such as the boxlip mullet, are informative indicators of microplastic availability
in coastal ecosystems. In contrast, blue crabs have limited value as bioindicators due to difficulties associated
with sampling and laboratory processing. Seabirds, through pellet analysis, represent a sensitive indicator of
macroplastic pollution.

38



5. REFERENCES

Aliko, v., Beqiraj, E. G., Qirjo, M., Cani, C., Rama, A., Bego, K., Reka, A. & Faggio, C. (2022). Plastic invasion tolling: First
evaluation of microplastics in water and two crab species from the nature reserve lagoonary complex of Kune-Vain, Albania.
Science of The Total Environment, 849: 157799. https://doi.org/10.1016/j.scitotenv.2022.157799

Aloia, R., Annunziata, L., Di Giacinto, F., De Simone, S., Profico, C., Fanelli, I. Di Francesco, G. et al. (2025). Application of
Raman spectroscopy for the analysis of microplastics in food and beverages: a comprehensive review. Applied Spectroscopy
Reviews, 61:3, 213-247. https://doi.org/10.1080/05704928.2025.2512771

Andrady, A. L. (2011). Microplastics in the marine environment. Marine Pollution Bulletin, 62(8), 1596—1605.
https://doi.org/10.1016/j.marpolbul.2011.05.030

Azari, A., Ronsmans, S., Vanoirbeek, J. A. J., Hoet, P. H. M. & Ghosh, M. (2024). Challenges in Raman spectroscopy of
(micro)Plastics: The interfering role of colourants. Environmental Pollution, 363(2), 125250.
https://doi.org/10.1016/j.envpol.2024.125250

Aytan, U., Esensoy, F.B., Senturk, Y., Arifoglu, E., Karaoglu, K., Ceylan, Y. & Valente, A. (2022). Plastic Occurrence in
Commercial Fish Species of the Black Sea. Turkish Journal of Fisheries and Aquatic Sciences, 22(Sl), TRIFAS20504.
http://doi.org/10.4194/TRJFAS20504

Barnes, D. K. A., Galgani, F., Thompson, R. C., & Barlaz, M. (2009). Accumulation and fragmentation of plastic debris.
Philosophical Transactions B, 364, 1985-1998. https://doi.org/10.1098/rstb.2008.0205

Barrett, R. T., Camphuysen, K. C. J., Anker-Nilssen, T., Chardine, J. W., Furness, R. W., Garthe, S., Hiippop, O. et al. (2007).
Diet studies of seabirds: A review and recommendations. ICES Journal of Marine Science, 64(9), 1675-1691.
https://doi.org/10.1093/icesjms/fsm152

Bearzi, G., Bonizzoni, S., Fanesi, F., Tenan, S. & Battisti, C. (2022). Seabirds pecking polystyrene items in ofshore Adriatic Sea
waters. Environmental Science and Pollution Research, 30, 8338—8346. https://doi.org/10.1007/s11356-022-24290-0

Benjaminsen, S. C., Dehnhard, N. Herzke, D., Johnsen, A., Anker-Nilssen, T., Bourgeon, S., Collard, F. et al. (2024). The
challenges of opportunistic sampling when comparing prevalence of plastics in diving seabirds: A multi-species example
from Norway. Marine Pollution Bulletin, 199, 116037. https://doi.org/10.1016/j.marpolbul.2024.116037

Bernardini, ., Tallec, K., Paul-Pont, I., Peruzza, L., Dalla Rovere, G., Huber, M., Di Poi, C. et al. (2024). Effects of tire particles
and associated-chemicals on the Pacific oyster (Magallana gigas) physiology, reproduction and next-generation. Journal of
Hazardous Materials, 480, 135742. https://doi.org/10.1016/.jhazmat.2024.135742

Botterell, Z. L. R., Beaumont, N., Dorrington, T., Steinke, M., Thompson, R. C., & Lindeque, P. K. (2019). Bioavailability and
effects of microplastics on marine zooplankton: A review. Environmental Pollution, 245, 98-110.
https://doi.org/10.1016/j.envpol.2018.10.065

Bucci, K., Tulio, M., Rochman, C. M. (2020). What is known and unknown about the effects of plastic pollution: A meta-
analysis and systematic review. Ecological Applications, 30(2), e02044. https://doi.org/10.1002/eap.2044

Carpenter, E. J., & Smith, K. L. (1972). Polystyrene spherules in coastal waters. Science, 178(4062), 749-750.
https://doi.org/10.1126/science.178.4062.749

Cole, M., Lindeque, P., Fileman, E., et al. (2013). Microplastic ingestion by zooplankton. Environmental Science &
Technology, 47(12), 6646—6655. https://doi.org/10.1021/es400663f

Compa, M., Perelld, E., Box, A., Colomar, V., Pinya, S. & Sureda, A. (2023). Ingestion of microplastics and microfbers
by the invasive blue crab Callinectes sapidus (Rathbun 1896) in the Balearic Islands, Spain. Environmental Science and
Pollution Research, 30:119329-119342. https://doi.org/10.1007/s11356-023-30333-x

39


https://doi.org/10.1016/j.scitotenv.2022.157799
https://doi.org/10.1080/05704928.2025.2512771
https://doi.org/10.1016/j.marpolbul.2011.05.030
https://doi.org/10.1016/j.envpol.2024.125250
http://doi.org/10.4194/TRJFAS20504
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1007/s11356-022-24290-0
https://doi.org/10.1016/j.marpolbul.2024.116037
https://doi.org/10.1016/j.jhazmat.2024.135742
https://doi.org/10.1016/j.envpol.2018.10.065
https://doi.org/10.1002/eap.2044
https://doi.org/10.1126/science.178.4062.749
https://doi.org/10.1021/es400663f
https://doi.org/10.1007/s11356-023-30333-x

Cosolo, M., Privileggi, N., Cimador B. & Sponza, S. (2011). Dietary changes of Mediterranean Shags Phalacrocorax aristotelis
desmarestii between the breeding and post-breeding seasons in the upper Adriatic Sea. Bird Study, 58:4, 461-472.
https://doi.org/10.1080/00063657.2011.603290

Cowger, W., Karapetrova, A., Lincoln, C., Chamas, A., Sherrod, H., Leong, N., Lasdin et al. (2025). "Open Specy 1.0:
Automated (Hyper)spectroscopy for Microplastics." Analytical Chemistry. 97(32).
doi: 10.1021/acs.analchem.5c00962. https://www.openanalysis.org/openspecy/

Cox, K. D., Covernton, G. A., Davies, H. L., Dower, J. F., Juanes, F. & Dudas, S. E. (2019). Human consumption of microplastics.
Environmental Science & Technology, 53(12), 7068—7074. https://doi.org/10.1021/acs.est.9b01517

Danopoulos, E., Twiddy, M., West, R. & Rotchell, J. M. (2022). A rapid review and meta-regression analyses of the
toxicological impacts of microplastic exposure in human cells. Journal of Hazardous Materials, 427, 127861.
https://doi.org/10.1016/j.jhazmat.2021.127861

Diepens, N. J., & Koelmans, A. A. (2018). Accumulation of Plastic Debris and Associated Contaminants in Aquatic Food
Webs. Environmental Science & Technology, 52(15), 8510-8520. https://doi.org/10.1021/acs.est.8b02515

Dris, R., Gasperi, J., Saad, M., Mirande, C. & Tassin, B. (2016). Synthetic fibers in atmospheric fallout: A source of
microplastics in the environment? Marine Pollution Bulletin, 104(1-2): 290-293.
https://doi.org/10.1016/j.marpolbul.2016.01.006

Farrell, P., & Nelson, K. (2013). Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.).
Environmental Pollution, 177, 1-3. https://doi.org/10.1016/j.envpol.2013.01.046

Fendall, L. S., & Sewell, M. A. (2009). Contributing to marine pollution by washing your face: Microplastics in facial
cleansers. Marine Pollution Bulletin, 58(8), 1225-1228. https://doi.org/10.1016/j.marpolbul.2009.04.025

Figicilar, B. B., Aydin, M. & Korkmaz, K. (2025). Microplastic contamination in commercial fish from the Central Black Sea.
Journal of Ecological Engineering, 2025, 26(8), 108-119. https://doi.org/10.12911/22998993/203812

Foscari, A., Herzke, D., Mowafi, D., Seiwert, B., De Witte, B., Delbare, D., Heras, G. B. et al. (2025). Uptake of chemicals from
tire wear particles into aquatic organisms - search for biomarkers of exposure in blue mussels (Mytilus edulis). Marine
Pollution Bulletin, 219, 118311. https://doi.org/10.1016/j.marpolbul.2025.118311

Galloway, T. S., Cole, M., & Lewis, C. (2017). Interactions of microplastic debris throughout the marine ecosystem. Nature
Ecology & Evolution, 1, 0116. https://doi.org/10.1038/s41559-017-0116

Gencer, O. & Aguilar Vitorino, H. (2023). Effect of Diet on Growth Performance of First Crab Stage Callinectes sapidus
Rathbun, 1896 (Brachyura: Portunidae): A Comparison of Three Different Regimens. Animals, 13, 1242.
https://doi.org/10.3390/ani13071242

GESAMP (2015). Sources, fate and effects of microplastics in the marine environment: A global assessment. (Kershaw, P. J.,
Ed.). IMO/FAO/UNESCO-IOC/UNIDO/WMO/IAEA/UN/UNEP Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection. https://www.gesamp.org/publications/reports-and-studies-no-90

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and fate of all plastics ever made. Science Advances, 3(7),
e1700782. https://doi.org/10.1126/sciadv.1700782

Gomiero, A., Strafella, P., Birger @ysaed, K. & Fabi, G. (2019). First occurrence and composition assessment of microplastics
in native mussels collected from coastal and offshore areas of the northern and central Adriatic Sea. Environmental Science
and Pollution Research, 26:24407—-24416. https://doi.org/10.1007/s11356-019-05693-y

Hilton, G. M., Houston, D. C. & Furness, R. W. (1998). Which components of diet quality affect retention time
of digesta in seabirds? Functional Ecology, 12, 929-939. https://doi.org/10.1046/j.1365-2435.1998.00267

Ivesa, N., Turkovi¢, D., Jelenovi¢, R., Zanchi, E., Marki¢, A., Bursi¢, M., Pustijanac, E., Kovaci¢, I., Buri¢, P. & Paliaga, P. (2024).
Prevalence of Fibers as the Dominant Microplastic Fraction in the Digestive Tract of Three Commercially Important Fish

40


https://doi.org/10.1080/00063657.2011.603290
https://www.openanalysis.org/openspecy/
https://doi.org/10.1021/acs.est.9b01517
https://doi.org/10.1016/j.jhazmat.2021.127861
https://doi.org/10.1021/acs.est.8b02515
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.envpol.2013.01.046
https://doi.org/10.1016/j.marpolbul.2009.04.025
https://doi.org/10.12911/22998993/203812
https://doi.org/10.1016/j.marpolbul.2025.118311
https://doi.org/10.1038/s41559-017-0116
https://doi.org/10.3390/ani13071242
https://www.gesamp.org/publications/reports-and-studies-no-90
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1007/s11356-019-05693-y
https://doi.org/10.1046/j.1365-2435.1998.00267

Species (Sparus aurata Linneaeus 1758, Pagellus erythrinus Linneaeus 1758 and Chelon auratus Risso, 1810) from the
Southeastern Coast of Istria, Northern Adriatic, Croatia. Nase more, 71(3), 36-143. https://doi.org/10.17818/NM/2024/3.6

Jambeck, J. R., Geyer, R., Wilcox, C., et al. (2015). Plastic waste inputs from land into the ocean. Science, 347(6223), 768—
771. https://doi.org/10.1126/science.1260352

Jenner, L. C., Rotchell, J. M., Bennett, R. T., Cowen, M., Tentzeris, V., & Sadofsky, L. R. (2022). Detection of microplastics in
human lung tissue using UFTIR spectroscopy. Science of the Total Environment, 831, 154907.
https://doi.org/10.1016/j.scitotenv.2022.154907

Kargar, M., Hamidian, A. H. & Basaran, B. (2025). A review on microplastics in bivalves: analysis, quantification, and effects.
Environmental Monitoring and Assessment, 198 (70). https://doi.org/10.1007/s10661-025-14931-5

Koelmans, A. A., Bakir, A., Burton, G. A. & Janssen, C. R. (2016). Microplastic as a Vector for Chemicals in the Aquatic
Environment: Critical Review and Model-Supported Reinterpretation of Empirical Studies. Environmental Science and
Technology, 50(7), 3315-3326. https://doi.org/10.1021/acs.est.5b06069

Konings, M. C., Zada, L., Schmidt, R. W. & Ariese, F. (2024). Optimization of sample preparation, fluorescence- and Raman
techniques for environmental microplastics. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy. 319:
124537. https://doi.org/10.1016/j.saa.2024.124537

Kovacdi¢, 1., Stefanko, K., Spada, V., Pustijanac, E., Burii¢, M., & Buri¢, P. (2024). Microplastics in Mediterranean Mussel
Mytilus galloprovincialis: Comparison between Cultured and WildType Mussels from the Northern Adriatic. Applied
Sciences, 14(5), 2056. https://doi.org/10.3390/app14052056

Leslie, H. A., van Velzen, M. J. M., Brandsma, S. H., Vethaak, A. D., Garcia-Vallejo, J. J., & Lamoree, M. H. (2022).
Discovery and quantification of plastic particle pollution in human blood. Environment International, 163, 107199.
https://doi.org/10.1016/j.envint.2022.107199

Li, J., Green, C., Reynolds, A., Shi, H., & Rotchell, J. M. (2018). Microplastics in mussels sampled from coastal waters and
supermarkets in the United Kingdom. Environmental Pollution, 214, 177-184.
https://doi.org/10.1016/j.envpol.2018.05.038

Liu, Y., Shi, H., Chen, L., Teng, X., Xue, C. & Li, Z. (2023). An overview of microplastics in oysters: Analysis, hazards, and
depuration. Food Chemistry, 422, 136153. https://doi.org/10.1016/j.foodchem.2023.136153

Ma, C., Chen, Q., Li, J., Li, B., Liang, W., Su, L., & Shi, H. (2021). Distribution and translocation of micro- and nanoplastics in
fish. Critical Reviews in Toxicology, 51(9), 740-753. https://doi.org/10.1080/10408444.2021.2024495

Maaseide, B. M. T., Ofstad, J., Erbe, A., Jaspers, V. L. B., Monclus, L. & Dehnhard, N. Microplastics in faeces of European
shags Gulosus aristotelis in central Norway. Marine Pollution Bulletin, 208, 117026.
https://doi.org/10.1016/j.marpolbul.2024.117026

Markic, A., Niemand, C., Bridson, J. H., Mazouni-Gaertner, N., Gaertner, J.-C., Eriksen, M., & Bowen, M. (2018).
Double trouble in the South Pacific subtropical gyre: Increased plastic ingestion by fish in the oceanic accumulation zone.
Marine Pollution Bulletin, 136, 547-564. https://doi.org/10.1016/j.marpolbul.2018.09.031

Mattsson, K., Johnson, E. V., Malmendal, A,, Linse, S., Hansson, L.-A., Cedervall, T. (2017). Brain damage and behavioural
disorders in fish induced by plastic nanoparticles delivered through the food chain. Scientific Reports, 7, 11452.
https://doi.org/10.1038/s41598-017-10813-0

Mercogliano, R., Avio, C. G., Regoli, F., Anastasio, A., Colavita, G., & Santonicola, S. (2020). Occurrence of microplastics in
commercial seafood under the perspective of the human food chain: A review. Journal of Agricultural and Food Chemistry,
68(19), 5296-5301. https://doi.org/10.1021/acs.jafc.0c01209

Michelangeli, M. E., Brooks, S., Kuehr, S., Forsman, E., Rgdland, E. S., Brandsma, S. H., Margalef, M. et al. 2026). Tyre-derived
ecotoxicity: Differentiating the effects from particles and chemical leachates on the blue mussel Mytilus edulis.
Environmental Chemistry and Ecotoxicology, 8, 934—951. https://doi.org/10.1016/j.enceco.2026.01.003

41


https://doi.org/10.17818/NM/2024/3.6
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.scitotenv.2022.154907
https://doi.org/10.1007/s10661-025-14931-5
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1016/j.saa.2024.124537
https://doi.org/10.3390/app14052056
https://doi.org/10.1016/j.envint.2022.107199
https://doi.org/10.1016/j.envpol.2018.05.038
https://doi.org/10.1016/j.foodchem.2023.136153
https://doi.org/10.1080/10408444.2021.2024495
https://doi.org/10.1016/j.marpolbul.2024.117026
https://doi.org/10.1016/j.marpolbul.2018.09.031
https://doi.org/10.1038/s41598-017-10813-0
https://doi.org/10.1021/acs.jafc.0c01209
https://doi.org/10.1016/j.enceco.2026.01.003

Ministarstvo poljoprivrede Republike Hrvatske (2025, 31. listopada). Porast broja pozitivnih divljih ptica na visokopatogenu
influnecu ptica (VPIP) podtipa H5N1. https://poljoprivreda.gov.hr/vijesti/porast-broja-pozitivnih-divljih-ptica-na-
visokopatogenu-influnecu-ptica-vpip-podtipa-h5n1/7971

Mishra, S., charan Rath, C. & Das, A. P. (2019). Marine microfiber pollution: A review on present status and future
challenges. Marine Pollution Bulletin, 140: 188—197. https://doi.org/10.1016/j.marpolbul.2019.01.039

Mistri, M., Sfriso, A. A., Casoni, E., Nicoli, M., Vaccaro, C. & Munari, C. (2022). Microplastic accumulation in commercial fish
from the Adriatic Sea. Marine Pollution Bulletin, 174, 113279. https://doi.org/10.1016/j.marpolbul.2021.113279

Nava, V., Frezzotti, M. L. & Leoni, B. (2021). aman Spectroscopy for the Analysis of Microplastics in Aquatic Systems. Applied
Spectroscopy, 75(11) 1341 —1357. https://doi.org/10.1177/00037028211043

Nono Almeida, F. N., Leray, C., Boutry, J., ter Halle, A., Vittecoq, M., Provencher, J. & Mccoy, K. (2023). Changes in plastic
ingestion by yellow-legged gulls (Larus michahellis) over the breeding season. Marine Pollution Bulletin, 2023, 187,
pp.114483. https://doi.org/10.1016/j.marpolbul.2022.114483

Ondes, F, Esteso, |., Guijarro-Garcia, E., Barcala, E., Giménez-Casalduero, F., Ramos-Espld, A. A. & Barbera, C. (2025).
Feeding Habits of the Invasive Atlantic Blue Crab Callinectes sapidus in Different Habitats of the SE Iberian Peninsula, Spain
(Western Mediterranean). Water, 17, 1615. https://doi.org/10.3390/w17111615

Pizzurro, F., Nerone, E., Di Domenico, M., Ancora, M., Mincarelli, L. F., Salini, R., Di Renzo, L. et al. (2025).

Realistic Environmental Exposure of Microplastics in European Flat Oyster, Ostrea edulis: Evaluation of Accumulation and
Depuration Under Controlled Conditions and Molecular Assessment of a Set of Reference Genes. Water, 17(7), 1063.
https://doi.org/10.3390/w17071063

Prist, M., Meijer, J., & Westerink, R. H. S. (2020). The plastic brain: Neurotoxicity of micro- and nanoplastics.
Particle and Fibre Toxicology, 17, 24. https://doi.org/10.1186/s12989-020-00358-y

Ragusa, A, Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O., Papa, et al. (2021). Plasticenta: First
evidence of microplastics in human placenta. Environment International, 146, 106274.
https://doi.org/10.1016/j.envint.2020.106274

Renzi, M, Cilenti, L., Scirocco, T., Grazioli, E., Anselmi, S., Broccoli, A., Pauna, V. et al. (2020). Litter in alien species of possible
commercial interest: The blue crab (Callinectes sapidus Rathbun, 1896) as case study. Marine Pollution Bulletin, 157,
111300. https://doi.org/10.1016/j.marpolbul.2020.111300

Rochman, C. M., Hoh, E., Kurobe, T., & Teh, S. J. (2013). Ingested plastic transfers hazardous chemicals to fish and induces
hepatic stress. Scientific Reports, 3, 3263. https://doi.org/10.1038/srep03263

Rothstein, S. I. (1973). Plastic particle pollution of the surface of the Atlantic Ocean: Evidence from a seabird. The Condor,
75:344-366.

Russell, A. F., Wanless, S. & Harris, M. P. (1995). Factors affecting the production of pellets by Shags Phalacrocorax
aristotelis. SEABIRD, 17: 44-49.

Santana, M. F. M., Moreira, F. T., & Turra, A. (2017). Trophic transference of microplastics under a low exposure scenario:
Insights on the likelihood of particle cascading along marine food-webs. Marine Pollution Bulletin, 121(1-2), 154—-159.
https://doi.org/10.1016/j.marpolbul.2017.05.061

Santin, N. & Alvarez, D. (2026). Plastic ingestion in European shags (Gulosus aristotelis): Temporal patterns and possible
trophic transfer via Labridae prey in northern Spain. Marine Pollution Bulletin, 229, 119772.
https://doi.org/10.1016/j.marpolbul.2026.119772

Savino, I., Nobahar, A., Da Silva, J. P., Cotugno, P., Notariale, R., Corriero, G., Uricchio, V. F. et al. (2025). New insights into car
tire rubber particle toxicity: chemical composition and ecotoxicity assessment of leachate on gamete quality of the
Mediterranean mussel Mytilus galloprovincialis. Environment International, 202, 109587.
https://doi.org/10.1016/j.envint.2025.109587

42


https://poljoprivreda.gov.hr/vijesti/porast-broja-pozitivnih-divljih-ptica-na-visokopatogenu-influnecu-ptica-vpip-podtipa-h5n1/7971
https://poljoprivreda.gov.hr/vijesti/porast-broja-pozitivnih-divljih-ptica-na-visokopatogenu-influnecu-ptica-vpip-podtipa-h5n1/7971
https://doi.org/10.1016/j.marpolbul.2019.01.039
https://doi.org/10.1016/j.marpolbul.2021.113279
https://doi.org/10.1177/00037028211043
https://doi.org/10.1016/j.marpolbul.2022.114483
https://doi.org/10.3390/w17111615
https://doi.org/10.3390/w17071063
https://doi.org/10.1186/s12989-020-00358-y
https://doi.org/10.1016/j.envint.2020.106274
https://doi.org/10.1016/j.marpolbul.2020.111300
https://doi.org/10.1038/srep03263
https://doi.org/10.1016/j.marpolbul.2017.05.061
https://doi.org/10.1016/j.marpolbul.2026.119772
https://doi.org/10.1016/j.envint.2025.109587

Savoca, S., Matanovi¢, K., D'Angelo, G., Vetri, V., Anselmo, S., Bottari, T, Mancuso, M. et al. (2021). Ingestion of plastic and
non-plastic microfibers by farmed gilthead sea bream (Sparus aurata) and common carp (Cyprinus carpio) at different life
stages. Science of The Total Environment, 782, 146851. https://doi.org/10.1016/].scitotenv.2021.146851

Setala, O., Fleming-Lehtinen, V., & Lehtiniemi, M. (2014). Ingestion and transfer of microplastics in planktonic food webs.
Environmental Pollution, 185, 77-83. https://doi.org/10.1016/j.envpol.2013.10.013

Stewart, L.G., Lavers, J.L., Grant, M.L., Puskic, P.S. & Bond, A.L. (2020). Seasonal ingestion of anthropogenic debris in an
urban population of gulls. Marine Pollution Bulletin, 160, 111549. https://doi.org/10.1016/j.marpolbul.2020.111549

Sussarellu, R., Suquet, M., Thomas, Y., et al. (2016). Oyster reproduction is affected by exposure to polystyrene
microplastics. PNAS, 113(9), 2430-2435. https://doi.org/10.1073/pnas.1519019113

Tang, K. H. D. (2026). Tracing Microplastic Pollution Through Animals: A Narrative Review of Bioindicator Approaches.
Applied Sciences, 16(3), 1413. https://doi.org/10.3390/app16031413

Terzi, Y., Giindogdu, S., Tekman, M. B., Gedik, K., Ustaoglu, D., Ismail, N. P., Altinpinar, i., Oztirk, R. C., & Aydin, i. (2024).
How much do we know about the microplastic distribution in the Mediterranean Sea: A comprehensive review. Marine
Pollution Bulletin, 208, 117049. https://doi.org/10.1016/j.marpolbul.2024.117049

Teuten, E. L., Saquing, J. M., Knappe, D. R. U., et al. (2009). Transport and release of chemicals from plastics to the
environment and to wildlife. Philosophical Transactions B, 364 (1526), 2027—2045. https://doi.org/10.1098/rstb.2008.0284
Thomsen, E. S., Almeda, R. & Nielsen, T. G. (2024). Tire particles and their leachates reduce the filtration rate of the mussel
Mytilus edulis. Marine Environmental Research, 95, 106348. https://doi.org/10.1016/j.marenvres.2024.106348

Umurhan, Y., Songsart-Power, M., Limbu, T. B. & Phan, T. (2025). Applications of Raman spectroscopy for microplastic
detection and characterization: a comprehensive spectral reference. Environmental Science and Pollution Research,
32:28630-28677. https://doi.org/10.1007/s11356-025-37224-3

UNEP (2018). Single-use plastics: A roadmap for sustainability. United Nations Environment Programme, Nairobi.
https://www.unep.org/resources/report/single-use-plastics-roadmap-sustainability

UNEP/MAP (2020). State of the Environment and Development in the Mediterranean. Nairobi: United Nations Environment
Programme / Mediterranean Action Plan.

Valente, T., Costantini, M. L., Ventura, D., Careddu, G., Ciaralli, L., Monfardini, E., Tomassetti, P., Piermarini, R., Silvestri, C. &
Matidd, M. (2025). Hit the target: A new experimental method to select bioindicators of microplastic ingestion by marine
fish. Environmental Research, 269, 120940. https://doi.org/10.1016/j.envres.2025.120940

Van Cauwenberghe, L., & Janssen, C. R. (2014). Microplastics in bivalves cultured for human consumption. Environmental
Pollution, 193, 65-70. https://doi.org/10.1016/j.envpol.2014.06.010

Vianello, A., Jensen, R. L., Liu, L., & Vollertsen, J. (2019). Simulating human exposure to indoor airborne microplastics using
a Breathing Thermal Manikin. Scientific Reports, 9, 8670. https://doi.org/10.1038/s41598-019-45054-w

Vieira, B., Gongalves, D. & Oliveira, N. (2026). Diet and breeding productivity in European Shag (Gulosus aristotelis): insights
from two Portuguese colonies. bioRxiv, 715095. https://doi.org/10.64898/2026.03.29.715095

Villoria-Calvo, S., Blanco-Heras, G., Gago, J., Filgueiras, A. V., Martinez-Gémez, C. & Vifias, L. (2026). Atlantic blue crab
(Callinectes sapidus Rathbun, 1896): microplastic pollution indicator in invaded Mediterranean coastal ecosystems.
Regional Studies in Marine Science, 97, 105015. https://doi.org/10.1016/j.rsma.2026.105015

Wang, Y., Xu, J. Zhao, Y., Pan, Y., Zhang, Z., Liu, S., Chen, X. et al. (2025). Tire wear particles in the marine environment:
sources, migration, ecological risk and control strategy. Front. Mar. Sci., 12 — 2025.
https://doi.org/10.3389/fmars.2025.1668826

WHO (2019). Microplastics in drinking-water. World Health Organization.
https://www.who.int/publications/i/item/9789241516198

43


https://doi.org/10.1016/j.scitotenv.2021.146851
https://doi.org/10.1016/j.envpol.2013.10.013
https://doi.org/10.1016/j.marpolbul.2020.111549
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.3390/app16031413
https://doi.org/10.1016/j.marpolbul.2024.117049
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1016/j.marenvres.2024.106348
https://doi.org/10.1007/s11356-025-37224-3
https://www.unep.org/resources/report/single-use-plastics-roadmap-sustainability
https://doi.org/10.1016/j.envres.2025.120940
https://doi.org/10.1016/j.envpol.2014.06.010
https://doi.org/10.1038/s41598-019-45054-w
https://doi.org/10.64898/2026.03.29.715095
https://doi.org/10.1016/j.rsma.2026.105015
https://doi.org/10.3389/fmars.2025.1668826
https://www.who.int/publications/i/item/9789241516198

Wootton, N., Reis-Santos, P., Przeslawski, R., Adyel, T. M., Blewitt, M., Clarke, B., Crutchett, T., et al. (2025). A field and
laboratory manual for sampling, processing and reporting microplastics in coastal and marine environments. Frontiers in
Marine Science, 12:1674412. https://doi.org/10.3389/fmars.2025.1674412

Wright, S. L., & Kelly, F. J. (2017). Plastic and human health: A micro issue? Environmental Science & Technology, 51(12),
6634-6647. https://doi.org/10.1021/acs.est.7b00423

Zapata-Restrepo, L. M., Bawden, K., Sidaoui-Haddad, G., Spencer, E., Williams, I. D. & Hudson, M. (2025). Microplastics in
the European native oyster, Ostrea edulis, to monitoring pollution-related patterns in the Solent region (United Kingdom).
Environmental Monitoring Assessment (2025) 197:544. https://doi.org/10.1007/s10661-025-13975-x

Note:

Illustrations of Callinectes sapidus, Magallana gigas and Pomatomus saltatrix were generated using ChatGPT, while the
illustration of Oedalechilus labeo was obtained from Colapisci.it
https://www.colapisci.it/pescitalia/pisces/Mugiliformes/Mugilidi/CefaloLabbrone.htm

Tide data were obtained from the following website: https://www.adip.hr/servisi.html

Satellite images of the sampling locations were obtained from Google Earth.
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