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Abstract

Microplastics (<5 mm) have become a pervasive pollutant because of their persistence,
bioavailability, and risk of trophic transfer. The present work provides new evidence on
microplastic contamination in three economically important species from the Romanian
Black Sea coast: Mytilus galloprovincialis, Rapana venosa, and Sprattus sprattus. Microplastics
were extracted using 10% potassium hydroxide (KOH) chemical digestion and examined
under a stereomicroscope. Microplastics frequency of occurrence (FO%) ranged from 66.7%
to 93.3%, with mean abundances per individual being 3.06 & 3.71 in mussels, 3.26 £ 2.08
in rapa whelks, and 3.13 &+ 2.44 in sprats. Fibers were the dominant type, followed by
fragments, with blue, black, and transparent colours most common. Most particles were
within the 1-5 mm and 330 pum ™! mm size classes, with smaller fractions between 100 and
330 pm, indicating ingestion of particles large enough to accumulate rather than be rapidly
egested. The microplastic contamination found in predatory R. venosa suggests trophic
transfer of microplastics from bivalve prey. As all three species are consumed by humans,
they represent potential pathways for microplastic exposure. These results emphasize the
urgent necessity for additional research on sources, environmental pathways, and possible
health risks of microplastics in the Black Sea.

Keywords: microplastics; fish; shellfish; ingestion; trophic transfer; Black Sea

1. Introduction

Nowadays, the ocean is facing multiple interconnected environmental challenges, with
pollution, climate change, and biodiversity loss threatening climate resilience, key species,
and long-term sustainability, leaving no part of the ocean untouched [1,2]. While up to
35.7 million metric tons of plastics are fabricated worldwide annually, most of the items
are not biodegradable, leading to accumulation and long-term environmental impact [3,4].

Plastics exist across a wide size range, from large macrofragments to nanoscale parti-
cles [5,6]. Microplastics (<5 mm) have attracted particular attention because of their small
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size, allowing them to enter and transfer through the food chain, ultimately highlighting
the possible implications for human health [7]. Microplastics can be transferred through
the food web when predators consume contaminated prey [8], with the magnitude and
dynamics of this trophic transfer determined by factors such as the size, shape, and type
of microplastic particles, the route of exposure, the retention time of particles in the di-
gestive system or tissues, and the specific feeding strategies and biological traits of the
predator species [9]. Primary microplastics, specifically designed for industrial or personal
applications, originate from industrial emissions and plastic dust released during product
use [10,11], while secondary microplastics originate from the weathering and fragmentation
of large plastic items [5]. Regardless of their type or origin, microplastics exert physical
effects on marine organisms through ingestion and translocation within tissues, and chemi-
cal effects resulting from substances inherent in their composition or adsorbed onto their
surfaces [12].

Enclosed seas with densely populated coasts, intense maritime traffic, and high
river inputs, such as the Black Sea, tend to be the most susceptible to litter pollu-
tion, particularly plastic (macro- and microplastics) [13]. This is supported by several
studies reporting significant plastic contamination in various environmental matrices.
In the water column, Oztekin et al. [14] found microplastics abundance varying from
5.58 & 6.12-8.12 + 9.17 pieces/m? in the protected area of Hamsilos Bay, southern Black
Sea, and 1.74 4 0.80-21.07 + 3.84 pieces/m? between all selected stations. High quantities
of floating litter (60.3-93.8 items/km?) were also observed on the western part of the basin,
in Bulgaria, with artificial polymers comprising 90-100% of the total observed items [15].
Microplastics were detected in all surface water samples from the southern Black Sea, as
reported by Terzi et al. [16], with mean abundance of 18.68 + 3.01 particles/m? and peak
densities up to 55 + 9.72 particles/ m3. More than 70% of the observed microplastics were
represented by particles smaller than 2.5 mm, which, because of their reduced size, are
more bioavailable and have high trophic transfer potential.

Densities up to 64.06 & 8.95 microplastics/kg were recorded in the beach sedi-
ments [16], in the southern part of the basin, less than the mean of 108 microplastics/kg
reported by Akkan et al. [17] for the same area. Similar to the microplastics found in
surface waters [13], in the sediments, particles smaller than 2.5 mm were also found to
be predominant [17]. Even with a 48% decrease in macro litter distribution on Bulgarian
beaches 462 + 147 items /100 m in 2021 to 753 £ 97 items /100 m in 2023, plastic items still
accounted for up to 88.62% of all litter [18].

Microplastics ingestion has also been observed in Black Sea’s biota, starting with key
zooplankton species as Calanus euxinus and Acartia (Acartiura) clausi, which are considered
to act as transfer vectors for plastics and associated chemical substances [19]. Evidence of
microplastics has also been observed in fish species [20], but also in the Black Sea’s top
predators such as marine birds (Larus cachinnans and Phalacrocorax carbo) [21], and cetaceans
(Tursiops truncatus spp. ponticus and Phocoena phocoena spp. relicta) [22].

The widespread presence of microplastics in fish (Merlangius merlangus, Engraulis
encrasicolus, Mullus barbatus, Sprattus sprattus, Mesogobius batrachocephalus) [20,23] and shell-
fish (Mytillus galloprovincialis, Rapana venosa, Bittium reticulatum, Palaemon adspersus) [23-26],
key components of both the Black Sea ecosystem and the human diet, has raised signif-
icant concern regarding their potential for bioaccumulation and the associated risks to
ecological balance and human health [26,27], particularly given their recent detection in
economically important species and the consequent implications for human consumption.
Molluscs, such as Mytilus galloprovincialis (Lamarck, 1819), or Rapana venosa, are efficiently
used as bioindicators for heavy metals, PAHs, and PCBs pollution in the marine envi-
ronment [28,29]. Feeding behaviour influences the microplastics ingestion rate, with the
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filter-feeding species accumulating the highest number of particles [30]. Having superior
meat quality and being widely spread across the Black Sea, including the Romanian coastal
zone, mussels have become an important economic resource [31].

The rapa whelk (Rapana venosa, Valenciennes, 1846), originally a non-indigenous
species, is a predator that played a major role in the decline of mussel and oyster popula-
tions in the Black Sea [32,33]. Over time, however, it has become an important economic
resource [34]. Today, the rapa whelk is commercially harvested and accounts for 2.9%
(11,574 tonnes) of the Black Sea’s annual fishery catch [35].

The European sprat (Sprattus sprattus, Linnaeus, 1758) is the fish species most captured
in the Black Sea after the European anchovy (Engraulis encrasicolus), accounting for 13%
(51,550 tonnes) of the total annual catch [35]. Small pelagic fish, as the European sprat and
anchovy, play key-stone roles in the marine ecosystem, constituting a major part of the diet
for multiple species, and humans too [36]. Mizrali et al. [37] found that omnivorous fish
contained a considerably higher number of microplastics, most likely due to their mixed
diet, compared to herbivorous and carnivorous species.

Under the Marine Strategy Framework Directive, monitoring microplastic ingestion is
necessary to support the attainment of Good Environmental Status (GES). Descriptor 10,
which addresses marine litter, specifies in criterion D10C3 that “The amount of litter
and micro-litter ingested by marine animals is at a level that does not adversely affect
the health of the species concerned” [38]. Research on microplastic ingestion in marine
organisms is therefore fundamental for generating the data required to monitor compliance
with Descriptor 10, while also advancing sustainability more broadly. By clarifying the
impacts of micro-litter on species health, such studies contribute to the protection of
marine biodiversity, the sustainable use of living resources, and the long-term resilience of
ecosystems that support human well-being [39,40].

Although the accumulation of microplastics and their effects on commercially impor-
tant species are well documented globally and in the southern and south-eastern parts of
the Black Sea basin, for the Romanian sector the existing information is largely missing,
is limited or fragmented, highlighting the need for more extensive research capable of
providing a detailed picture of the prevalence, types, sizes, and impact of microplastics on
the local marine ecosystem and on economically important species.

The primary objective of this research was to assess the concentration and the ty-
pology of microplastics in three key species from the Romanian Black Sea coast: Rapana
venosa (rapa whelk), Mytilus galloprovincialis (Mediterranean mussel), and Sprattus sprat-
tus (European sprat).

By analyzing these species, with high economic value, different ecological roles and
feeding strategies (M. galloprovincialis being a filter-feeding bivalve, R. venosa a preda-
tory gastropod and S. sprattus a pelagic planktivorous fish) our study fills a critical re-
gional gap and provides a comparative analysis required to understand species-specific
accumulation patterns.

2. Materials and Methods
2.1. Specimen Collection

Mussels (Mytilus galloprovincialis, n = 15) were collected by divers from the coastal area
of Tuzla (44.01592° N, 28.67224° E; 3.8 m depth), and Rapa whelks (Rapana venosa, n = 15)
were collected from Eforie (44.04680° N, 28.65558° E; 6.6 m depth) 26 March 2025. Sprats
(Sprattus sprattus, n = 30) were obtained during scientific fishing operations aboard the RV
Steaua de Mare, using a pelagic trawl (44.201944° N, 29.172222° E; 34.5 m) (Figure 1) on
26 February 2025.

Specimens were placed in zip-lock plastic bags and kept at —20 °C prior to analysis.
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Figure 1. Locations of sampling stations for the studied species: R. Rapana venosa, M. Mytilus
galloprovincialis and S. Sprattus sprattus (Ocean Data View, Version 5.3.0, 2023, Schlitzer, R., 2023).

2.2. Sample Preparation and Microplastics Identification

Tissue selection for analysis was based on a combination of human dietary habits
and the organs in which microplastics are most likely to accumulate, ensuring meaningful
comparisons across species. While the entire tissue of mussels is consumed by humans, only
the muscular foot of the rapa whelk is edible. To ensure comparability between species,
we analysed the digestive organs (digestive gland and stomach), where microplastics
typically accumulate, separately from the soft tissues. In sprats, microplastics primarily
accumulate in gills and gastrointestinal tracts, organs that are usually discarded prior to
cooking. However, as small fish are often consumed whole, we analysed these organs
separately to assess potential human exposure.

Length and width (cm) of each mussel and rapa whelk were recorded using digital
callipers accurate to 0.1 mm, and wet weight (g) was measured with a digital scale; then the
shells were separated from the soft tissues. In mussels, the digestive gland was collected,
weighed, and stored in glass recipients. The remaining soft tissues, consisting of muscle
and the remaining organs, were also stored in separate glass containers for the analysis [41].
Similarly, for the rapa whelks, the stomach was dissected, weighed, and stored separately,
while the remaining soft tissues, muscle, and the remaining organs, preserved for further
analysis. Similarly, sprats were measured (cm) and weighted (g), then dissected to collect
the gastrointestinal tracts and gills, which were weighed and stored individually for the
analysis [42,43].

All samples were treated with a 10% potassium hydroxide (KOH) solution at a 1:3
(sample:solution) ratio and incubated at 60 °C for 2448 h to digest organic matter and
isolate microplastics [42,43]. Although 10% KOH may affect the integrity of cellulose
acetate polymers, it has been shown to offer the best compromise for the efficient extraction
and identification of microplastics from biological matrices [44].

Following the incubation period, samples were vacuum-filtered using 2.7 um What-
man glass microfiber filters (Cytiva-Whatman, Little Chalfont, UK), transferred to glass
Petri dishes (Labbox Labware, Premia de Dalt, Spain), and allowed to air-dry at room
temperature for 2448 h.
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An Olympus SZX10 stereomicroscope fitted with an SC50 camera (Olympus Co.,
Hachioji, Tokyo, Japan) was used to visually examine the filters, and CellSens Entry
software (version 1.16) was used to measure all identified plastics.

Suspected items were confirmed as plastic using a hot needle test, with melting,
deformation, or curling indicating plastic [45]. We acknowledge that the hot-needle test
and visual identification, without the confirmation of polymer composition of the identified
microplastics, may lead to false-positive results and represent a methodological limitation
of our study.

Each item’s colour and length were noted, and the microplastics were subsequently
sorted into size classes (1-5 mm, 330 pum-1 mm, 100-330 pum), including <100 um mi-
croplastics and 5-20 mm mesoplastics [42,46]. Shapes were categorised as fibers, filaments,
fragments, films, pellets, foam, or granules [42,43].

2.3. Quality Assurance and Quality Control Measures

Rigorous quality assurance and quality control (QA /QC) measures were implemented
to minimize contamination from airborne particles. All analyses were performed in a
laboratory that had been previously cleaned, and every surface was treated with ethanol.
Metal, glass, and wooden tools, pre-rinsed with ultrapure water and wrapped in aluminium
foil, were the only instruments utilized to minimize contamination [47]. White cotton lab
coats and nitrile gloves were worn by all researchers, and laboratory access was confined
only to the study team. All solutions were filtered prior to use and kept in glass containers
sealed with aluminium foil [48].

Damp filters in Petri dishes were employed as contamination controls during the
dissection, filtration, and microscopic assessment of samples. In addition, blank samples,
comprising only KOH solution, were processed and analysed alongside each sample batch
for each species. Particles present in blanks and control samples were first tested with a hot
needle and then characterized by their colour, morphological shape, and count [49].

To correct the data, any particles corresponding in size, colour, and structure to those
in control and blank samples were subtracted [50,51].

No microplastics were detected in the blank samples analysed for mussels and rapana.
For sprat, four fibres (1 = 4; one black, two transparent, and one blue) were observed in
the control filter placed beside the stereomicroscope during visual analysis. All fibres fell
within the 1-5 mm size category. To correct for potential contamination, fibres in the sprat
samples that matched the characteristics of those observed in the control (size class and
colour) were subtracted on a one-to-one basis from the corresponding sample counts; thus,
the data presented for sprat refer to the dataset after applying these corrections. Given
the very low level of contamination detected in the control samples (n = 4), we consider
it important to note that such contamination is unlikely to have influenced the overall
fibre/fragment pattern observed in the study.

2.4. Statistical Analysis

The sample size used in this study (mussels, n = 15; whelks, n = 15; sprats, n = 30)
was chosen based on logistic constraints and to achieve sufficient statistical power, while
also providing a preliminary assessment of microplastic contamination in rapa whelks and
sprats, which have not previously been analyzed for microplastics along the Black Sea coast.

Basic statistical analyses, including frequency of occurrence (FO%), mean, standard
deviation (SD), and standard error (SE), were performed using Microsoft Excel.

JASP version 0.95.4.0 JASP 0.95.4.0 (JASP Team, 2025; Goss-Sampson, 2024) [52,53],
R software (Version 4.4.2, 31 October 2024 ucrt), RStudio (2025.05.0 + 496), and PRIMER 7
version 7.0.24 [54] were employed for particular statistical analyses. The Shapiro-Wilk
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test was used to evaluate the assumption of normality for all data sets, and Levene’s test
was employed to evaluate the homogeneity of variances. A series of statistical analyses
was performed to assess differences in organism counts across species (M. galloprovincialis,
R. venosa, S. sprattus) and compartments: digestive gland (DG)/stomach (S) vs. soft
tissue (ST); gastrointestinal tract (GIT) vs. gills (G). First, a one-way Analysis of Variance
test (ANOVA) was conducted separately for each species to test whether mean values
differ significantly between compartments. When significant effects were detected, a
Tukey Honestly Significant Difference (HSD) post hoc test was applied to identify the
specific pairwise differences. Subsequently, interspecific comparisons were performed
using ANOVA within each compartment (GD and ST separately) to examine differences
between M. galloprovincialis and R. venosa. Data that do not meet the assumptions of
normality and homogeneity of variance were analysed using the nonparametric Kruskal-
Wallis test, followed by Dunn’s post hoc test for multiple pairwise comparisons. Statistical
significance was accepted at p < 0.05.

Model adequacy and assumptions were checked for all analyses prior to interpreta-
tion. Data were also plotted using Non-metric Multidimensional Scaling (nMDS) based
on resemblance D1 Euclidean distance, a multivariate ordination technique used to visu-
alise patterns of similarity or dissimilarity among tissues and species (Clarke and Gorley,
2015) [54].

3. Results

Morphometric measurements for each of the analysed species are presented in Table 1.
Values are presented as ranges followed by means (£SD, +SE).

Table 1. Range and mean values of the morphometric measurements of Mytilus galloprovincialis,
Rapana venosa, and Sprattus sprattus.

Length (cm) Width (cm) Weight (g)
Range Mean Range Mean Range Mean

4.67 2.23 3.59
Muytilus galloprovincialis 4.08-5.35 +0.4SD 2.84-1.96 +0.24 SD 2.43-6.05 +0.94 SD
+0.1SE +0.06 SE +0.24 SE

4.62 3.47 7.02
Rapana venosa 3.91-5.52 +0.41 SD 3.29-4.11 +0.35SD 5.02-9.27 +1.11 SD
+0.1SE £0.09 SE +0.28 SE

7.75 2.66
Sprattus sprattus 6.7-8.9 +0.65 SD N/A N/A 1.72-3.89 +0.65 SD
+0.11 SE +0.12 SE

Microplastics were detected in all three species, and the mean number of particles per
individual differed between species (Figure 2). Mussels contained a total of 46 microplastics
(n = 15) and exhibited an average of 3.06 &+ 3.71 microplastics per individual, increasing
to 4.18 £ 3.76 microplastics when considering only individuals in which microplastics
were detected (n = 10). Rapa whelks contained a total of 49 microplastics (n = 15) and an
average of 3.26 & 2.08 microplastics per individual, and 3.50 &= 1.95 microplastics when
excluding those without plastic particles (n = 14). Sprats (n = 30) contained a total of
94 microplastics, corresponding to a mean abundance of 3.13 + 2.44 microplastics per
individual, or 3.35 & 2.37 microplastics when only individuals containing microplastics
were considered (n = 28).



Sustainability 2025, 17, 11006 7 of 20
35

=
g 3
;..8;
& 25
s
kS
g 2
=
<)
g 15
&
g 1
=
-
g2 05
Z

0

Total DG Total S Total GIT
Mytilus galloprovincialis Rapana venosa Sprattus sprattus

Figure 2. Microplastic abundance per individual in mussels (Mytilus galloprovincialis; DG—digestive
gland, ST—soft tissue), rapa whelks (Rapana venosa; S—stomach, ST—soft tissue) and sprats (Sprattus
sprattus; GIT—gastrointestinal tract, G—gills).

The frequency of microplastic occurrence (FO%) was 66.7% in mussels and 93.3% in
both rapa whelks and sprat. When examined at the organ level, occurrence rates were
lower, ranging from 53.3% to 80% (Figure 3). In all species, FO% in the digestive organs
(digestive gland, stomach, and gastrointestinal tract) was lower, ranging from 53.3% to
73.3%, compared to the soft tissue and gills, which showed higher values of 66.7% to 86.7%.

100% o
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EN
O 50%
=
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30%
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Total Total Total G
Muytilus galloprovincialis Rapana venosa Sprattus sprattus

Figure 3. The frequency of occurrence (FO%) of encountered microplastics in mussels (Mytilus
galloprovincialis; DG—digestive gland, ST- soft tissue), rapa whelks (Rapana venosa; S—stomach,
ST—soft tissue) and sprats (Sprattus sprattus; GIT—gastrointestinal tract, G—gills).

Fibers accounted for 93%, 98%, and 99% of the total microplastics identified in mussels,
rapa whelks, and sprats, respectively, whereas fragments represented only 7%, 2%, and 1%
(Figure 4). The proportion of fibers varied among species and organs: in mussels, fibers
comprised 96% of the particles in the digestive gland and 90% in the soft tissue; in rapa
whelks, 97% of particles in the stomach were fibers, while only fibers were detected in the
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soft tissue; and in sprats, fibers represented 98% of particles in the gastrointestinal tract,
with only fibers observed in the gills.

100% ,

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

G
S

Percentage (%)

Total DG Total S Total GIT

Mytilus galloprovincialis Rapana venosa Sprattus spratti

W Fibers m Fragments

Figure 4. The morphological types of encountered microplastics in mussels (Mytilus galloprovincialis;
DG—digestive gland, ST—soft tissue), rapa whelks (Rapana venosa; S—stomach, ST—soft tissue) and
sprats (Sprattus sprattus; GIT—gastrointestinal tract, G—gills).

Black, blue, and transparent microplastics represented the majority of particles found
in all three species, though their relative proportions varied (Figure 5, Table 2). Across
species, the dominant particle colors differed markedly, with mussels characterized primar-
ily by blue particles, rapa whelks by black particles, and sprats by transparent particles,
demonstrating clear species-level contrasts in the composition of ingested microplastics.

100%

A
90%
80%
® 70%
< 60%
o0
g 50%
g 40%
L]
A~ 30%
20%
10%
0%
Total DG ST Total S Total GIT G
Muytilus galloprovincialis Rapana venosa Sprattus sprattus

Transparent M Blue M Brown MBlack MRed MGreen M Grey

Figure 5. The colors of encountered microplastics in mussels (Mytilus galloprovincialis; DG—digestive
gland, ST—soft tissue), rapa whelks (Rapana venosa; S—stomach, ST—soft tissue) and sprats (Sprattus
sprattus; GIT—gastrointestinal tract, G—gills).
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Table 2. Percentage distribution of microplastics by color and size class in mussels (Mytilus gallo-
provincialis; DG—digestive gland, ST—soft tissue), rapa whelks (Rapana venosa; S—stomach, ST—soft
tissue) and sprats (Sprattus sprattus; GIT—gastrointestinal tract, G—gills).

Colors (%) Size (%)
Species Transparent Blue Black Red Green Brown Grey 100-330 pm 330 pm—1 mm 1-5 mm >5 mm
Muytilus galloprovincialis
Whole organism 17.4 457 28.3 4.4 2.17 2.17 0 17.4 50 30.43 2.17
DG 24 40 24 4 4 4 0 12 44 40 4
ST 9.52 524 33.3 4.8 0 0 0 23.81 57.14 19.05 0
Rapana Venosa
Whole organism 4.08 16.3 79.6 0 0 0 0 14.29 38.78 44.89 2.04
S 6.9 17.2 75.9 0 0 0 0 10.34 37.93 48.28 3.45
ST 15 85 0 0 0 0 20 40 40 0
Sprattus sprattus
Whole organism 42.55 14.9 35.1 0 1.06 0 6.38 3.23 40.86 55.91 0
G 53.23 9.67 25.8 0 1.61 0 9.68 6.25 40.62 53.13 0
GIT 21.88 25 53.1 0 0 0 0 1.63 41 57.37 0

At the organ level, each species showed internally consistent patterns—mussels dis-
playing similar color distributions between digestive gland and soft tissue, rapa whelks
maintaining a strong predominance of black particles in both stomach and soft tissue, and
sprats exhibiting a uniform dominance of transparent particles in both gastrointestinal tract
and gills—indicating structured variation in particle composition within species.

Across three species, microplastic size distributions showed clear differences, with

mussels dominated by particles in the 330 um~!

mm range, rapa whelks by particles
between 1 and 5 mm, and sprats by similarly large particles (1-5 mm), indicating distinct

size profiles among the three organisms (Figure 6, Table 2).

100%

A
90%
80%
9 70%
o 60%
)
& 50%
g 40%
& 30%
20%
10%
0% |—===_ 8 — -
Total DG ST Total S ST Total GIT G
Muytilus galloprovincialis Rapana venosa Sprattus sprattus
B 5mm< Imm<x<5mm  ® 330pum<x<lmm 100 pm<x<330pm

Figure 6. The size of encountered microplastics in mussels (Mytilus galloprovincialis; DG—digestive
gland, ST—soft tissue), rapa whelks (Rapana venosa; S—stomach, ST—soft tissue) and sprats (Sprattus
sprattus; GIT—gastrointestinal tract, G—gills).

Within species, the organ-level patterns were consistent: in all three taxa, digestive
tissues contained a higher proportion of larger particles and showed greater mean particle
lengths than other sampled tissues, reflecting a structured distribution of particle sizes
across body compartments.

The mean particle length varied among species and tissues: 1006.79 um in mussels
(digestive gland 1351.61 um; soft tissue 596.29 um), 1383.29 um in rapa whelks (stom-
ach 1587.68 um; soft tissue 1086.94 um), and 1380.16 um in sprats (gastrointestinal tract
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1390.92 um; gills 1359 um). Overall, longer microplastic particles tended to accumulate in
digestive tissues compared to other body parts across all studied species.

ANOVA and Tukey HSD statistical analyses performed to compare individual counts
between compartments (digestive gland, stomach, gastrointestinal tract, gills and soft
tissue) for each species revealed no significant differences for M. galloprovincialis (digestive
gland vs. soft tissue; ANOVA: F(1, 28) = 0.094, p = 0.761) or R. venosa (stomach vs. soft
tissue; ANOVA: F(1, 28) = 1.046, p = 0.315), while S. sprattus showed a significant reduction
in the number of microplastics in gills compared to the gastrointestinal tract (ANOVA:
F(1, 58) = 6.987, p = 0.0105). Interspecific comparisons within each compartment revealed
no significant differences between M. galloprovincialis and R. venosa, confirming similar
distributions across the digestive gland or stomach and soft tissue. Significant differences
were found between M. galloprovincialis and S. sprattus (digestive gland vs. gastrointestinal
tract; Kruskal-Wallis: (H(2) = 9.161, p = 0.003).

The bidimensional output of the Non-metric Multidimensional Scaling (nMDS) analysis is
presented in Figure 7. The nMDS analysis of microplastic abundance across different species
and tissue compartments, combined with a cluster analysis based on the D1 Euclidean
distance resemblance measure, revealed a clear separation of samples into two distinct
groups according to tissue microplastic abundance. The first group comprised Mytilus
galloprovincialis and Rapana venosa, while the second group included Sprattus sprattus.

MPs
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Figure 7. Non-metric Multidimensional Scaling (nMDS) ordination plot of D1 Euclidean distance re-
semblance based on microplastic abundance per tissue compartment and species, overlaid with cluster
analysis (2D stress value < 0.01). M—Mytilus galloprovincialis; R—Rapana venosa; S—Sprattus sprattus.

Microplastic abundance patterns indicate that the filter-feeding M. galloprovincialis
and the predatory R. venosa form a similar group due to comparable microplastic levels,
especially in their soft tissues, with the highest concentrations found in the stomach of
R. venosa and the digestive gland of M. galloprovincialis. In contrast, planktivorous S. sprattus
forms a separate group, showing overall lower microplastic loads, with its highest levels
occurring in the gastrointestinal tract. The overlap in feeding habits and the consumption
of contaminated prey likely contribute to the comparable microplastic burdens detected
in R. venosa and M. galloprovincialis tissues. However, due to its feeding behaviour and
ecological niche, S. sprattus exhibited a lower overall microplastic burden compared to
filter-feeding mussels and predatory R. venosa.

4. Discussion

This study provides new evidence on the occurrence of microplastics in three edible
and economically important species from the Black Sea: Mytilus galloprovincialis, Rapana
venosa, and Sprattus sprattus. For the first time, data on microplastic types and abundance
in sprat (S. sprattus) and rapa whelk (R. venosa) from Romania’s coast are reported. These
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findings are particularly significant, as all three species play key economic and ecological
roles in the region and across the wider Black Sea. Establishing such baseline data is crucial
for assessing pollution levels, potential ecosystem impacts, and risks to seafood safety.

Microplastics have been observed in mussels, rapa whelks, and sprats worldwide. Our
results show a higher frequency of occurrences (FO%) of microplastics for all three species,
than found in Bulgaria, in Varna and Burgas Bay, for the gastrointestinal tract (GIT) of
sprat (33.4%), respectively, the soft tissue of mussels (63.33%) and rapa whelk (46.67%) [23].
Ibryamova et al. [24] reported 100% FO in Black mussels from the northern Bulgarian Coast,
western Black Sea, with microplastics ranging from 10 to 40 per individual, with pellets
being the most encountered, followed by fibers.

The elevated microplastic occurrence (%FO) in the tissues of the analysed species may
be linked to their proximity to the Danube River discharge, positioned in the northern area
of the Romanian shoreline, which transports up to 4.2 tons of plastics daily [55]. Depending
on the constituent polymer type of litter, when exposed to UV-degradation for 28-56 days,
polystyrene (PS) released 1.8-31 particles/cm?, polyethylene terephthalate (PET) released
3.3-16 particles/cm? and polypropylene (PP) up to 58 particles/cm?, with the number of
particles increasing with exposure time. Generated microplastics also exhibited further
fragmentation processes, from smaller pieces to undetectable dimensions (<10 um) [56].

In this study, we analysed the digestive gland and stomach of M. galloprovincialis and
R. venosa separately, while the remaining soft tissue—comprising the muscular and the rest
of the organs—was examined as a combined sample.

By feeding on contaminated prey, predator species are the most prone to mi-
croplastics contamination through trophic transfer [57]. Consequently, as we observed
among the three species analysed, the predator, R. venosa had a higher contamination
rate (3.26 £ 2.08 microplastics/individual), followed by particulate-feeding S. sprattus
(3.13 £ 2.44 microplastics/individual) and filter-feeding M. galloprovincialis (3.06 £ 3.71
microplastics/individual).

Regarding mussels, our results are consistent with other studies from different world
regions. For example, within a study conducted in Asturias, Spain, located in the southeast-
ern Bay of Biscay, Masid et al. [58] found an average of 2.56 microplastics/individual when
analysing mussels, sand, and water. The concentrations were consistently higher in mussels
than in the surrounding environment at all sites examined, with blue fibers being the most
numerous. In comparison, Dambrosio et al. [59] and Liu et al. [60] reported microplastic
concentrations in mussels that were approximately double than those observed in our
study (3.06 + 3.71 microplastics/individual), with 6.51 4= 4.32 particles per individual in
mussels from Bari fish markets (Apulia, Italy) and 6.40 & 2.99 particles per individual in
mussels from Yantai, China, respectively.

Similar studies from other parts of the Black Sea report lower values of 1.69—4 mi-
croplastics/individual in the south of the basin, with blue fibers also being predomi-
nant [27], respectively, 1.13 £ 1.11 microplastics/individual in the western part, in Bul-
garia [25]. In contrast, Pojar et al. [26] reported as many as 6.05 microplastics per individual
in mussels collected from Agigea Harbor, on the Romanian coastline, Western Black Sea—
about twice the amount observed in our study.

In terms of retention time in the mussels’ organism, Kolandhasamy et al. [61] de-
termined that irregularly shaped microplastics (e.g., microfibers) tend to last longer and
even accumulate, compared to spherical particles, also through adhering to the surface of
the tissue of the organs, and not only through ingestion. Mussels entrap microplastics in
their feces, effectively removing them from the water column [62]. This process reduces
the availability of microplastics to pelagic and mesopelagic organisms while increasing
their exposure to benthic species. Microplastics embedded in mussel fecal matter can
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sink up to three orders of magnitude faster than free particles, with sinking speed rising
as particle density increases and decreases with smaller microplastic sizes [63]. Kovacié
et al. [64] found that most of the that microplastics in the digestive glands were predomi-
nantly 21-25 um in size. As sessile filter-feeders, the size of microplastics ingested by these
organisms likely reflects the size distribution of microplastics present in the surrounding
environment [65].

As far as we are aware, this is the first report of microplastics in R. venosa from Roma-
nia’s coast. In our study, we found an average of 3.26 microplastics per individual, present
in 93% of the sampled whelks. In the Black Sea area adjacent to Bulgaria, Rapana venosa
showed a lower frequency of occurrence (FO%) of 46.67%, with an average of 0.6 &= 0.83
microplastics detected per soft tissue sample [23]. Compared to other regions worldwide,
our results indicate lower microplastic contamination than, for example, in Yantai, China,
where studies have shown an average of 10.10 =+ 6.24 microplastics/individual [60].

The foraging strategy plays a key role in microplastic accumulation, with omnivores
and predator species showing about 16% higher concentrations than filter feeders [66-68].
Characterised as an active predator that feeds exclusively on live individuals and utilises a
pursuit feeding strategy, the rapa whelk preys mostly on bivalves, thereby increasing the
likelihood of microplastic accumulation [69-71]. Our results support this observation, as
we also found slightly higher microplastic loads in rapa whelks compared to mussels, their
primary prey, indicating that microplastics may bioaccumulate along the food chain.

Environmental contamination is also an important factor in the accumulation of
microplastics in rapa whelks. Unlike mussels, whelks (R. venosa) are mostly protected by
their shell, interacting with microplastics mainly via their ventral surface. As a benthic
species, they can directly take up microplastics from sediments during foraging or while
handling their prey. The degree of sediment contamination amplifies this effect, with
average abundances at 106.7 items/kg and peak densities in the northwestern Black Sea up
to tenfold higher than in the deeper sediments [72].

As far as we know, this is the first report of microplastics in sprat (S. sprattus) from
the Romanian coastline, with 93% of individuals affected and an average of 3.13 microplas-
tics/individual. Along the Bulgarian coast of the Black Sea, sprats exhibited the lowest
particles in the gastrointestinal tract, 0.4 £ 0.63, amongst the studied fish species, but the
highest particles/muscle, respectively 2.01 £ 2.56 microplastics/g of muscle [25]. Sprats
exhibited a high FO% (93%) and a mean number of 3.13 microplastics/individual. Beer
et al. [73] reported an average of 0.21 £ 0.47 particles per fish in sprats, in a 28-year case
study in the Baltic Sea, also noting that the ingested microplastics mirrored both the types
and concentrations in the surrounding environment.

We found a noticeable difference in microplastic accumulation between the gastroin-
testinal tract (2.1 particles per individual) and the gills (1.03 particles per individual) of
sprat. Microplastics in the digestive system are primarily ingested, as fish often mistake
them for food [64]. Visually oriented planktivorous species, such as Seriolella violacea, tend
to capture and ingest microplastics that resemble food in colour or are located near actual
food sources. This unselective feeding pattern suggests that microplastic intake is largely
accidental, driven by visual and gustatory cues rather than active selection [74]. In contrast,
microplastics detected in the gills are typically not selectively ingested, but result from
accidental capture, with their presence largely influenced by particle size and the spacing
between gill rakers and filtration surfaces [75].

The condition of the environment is crucial, as it serves as the primary pathway
through which microplastics enter organisms. Our findings of fibers being the most
common shape of microplastics in the studied species, then fragments, are in accordance
with several other environmental studies that have found a high abundance in submerged
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sediments [76,77] and water samples from the Black Sea [14,78,79], underscoring their
role as a significant source of environmental contamination in the area. Moreover, review
studies on microplastics in different biota representants show that fibers (67.3%), followed
by fragments (25.7%) are the most ingested plastics [80].

We believe that the primary source of fibrous microplastics in the studied species
originates from a combination of riverine input and local sources. Previous studies indicate
that the Danube River acts as a major pathway for microplastic pollution, transporting an
estimated 46-51 tons per year into the adjacent coastal waters [81]. Local sources of fibers
pollution, such as textile washing have been well documented in many studies [82-85]. For
instance, a single clothing item can release >1900 fibres/wash [86], and a 6 kg washing
load can release up to 728,789 fibers [87]. The presence of fibers in the water column poses
significant environmental risks, as their low density allows them to remain suspended
longer than other morphological types, such as fragments, increasing their availability
for ingestion by marine organisms [88]. When compared to trophic transfer models, our
results support the concept that microplastics can move through food webs [8,19], with
predators (R. venosa) potentially accumulating particles indirectly via contaminated prey
(M. galloprovincialis).

Fragments form through weathering processes of larger plastic pieces. Studies show
that after 122 days of accelerated experimental weathering conditions all assessed polymers
exhibited increased particle numbers, with polystyrene and polylactic acid generating up to
92,465 particles/mL (1-60 um size class), respectively, 11.6 x 10° particles/mL (0.6-18 um
size class) [89].

In our study, blue, black, and transparent microplastics were the predominant colors
across mussels, rapa whelks and sprats, although the order and relative proportions varied
among species. We believe that this pattern—blue, black, and transparent microplastics
dominating—reflects both the environmental availability of these colors and potential
species-specific ingestion patterns. Our observations align with prior studies indicating
that blue and black are common colors among marine organisms [90]. Plastics with shorter-
wavelength colors, such as blue, absorb ultraviolet light less effectively, degrade faster
under sunlight, thus explaining the abundance of smaller bluish microplastics in the envi-
ronment [91,92]. Black microplastics, primarily originating from tire wear, have received
relatively little attention despite their prevalence [93], particularly since they have been
shown to contain persistent organic pollutants [94]. They are among the least recycled
plastics and make up a significant portion of total plastic waste and environmental mi-
croplastics [95]. Light, transparent, and white plastic, originating from single-use containers
or packaging, are among the most ingested by marine organisms [96,97].

Across all three species in our study, most microplastics fell into the size classes of 1-5 mm
and 330 pm ! mm, with smaller fractions in the 100-330 ptm range. Our findings are consistent
with reports from marine biota studies, which describe microplastic sizes ranging from a
few tens of micrometers to several millimeters, with retention and translocation processes
being strongly influenced by particle size [80,98]. The predominance of microplastics within

1-5 mm and 330 pm !

mm in our samples suggests that all three investigated species ingest
microplastics big enough to accumulate in the body, rather than being eliminated through
excretion processes. Larger microplastics in digestive tissues indicate slower passage and
longer retention in organs compared to soft tissue [98]. Our findings are consistent with
previous studies indicating that the Danube River is a major source of microplastics to
the Black Sea coastal waters [99], with particles < 5 mm commonly detected in sediments
and coastal waters of this region [100,101], and that the size of microplastics observed

-1

in the studied species (330 pm™" mm and 1-5 mm size) aligns with those found in the

surrounding environment, reflecting broader environmental contamination.
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Bivalves represent an important pathway for human exposure to microplastics and
other pollutants, as they are typically eaten whole, including their digestive organs, where
pollutants tend to accumulate. Likewise, small fish species such as anchovies and sprats
are often consumed whole, without gut or head removal, increasing the risk of transferring
ingested particles to humans. In the case of Rapa whelks, consumption focuses on the soft
tissues, particularly the foot and the muscular portions of the mantle, which can also con-
tain accumulated pollutants. The translocation of microplastics into the edible tissues of fish
has been reported in several species [102-105], with most detected particles being fibrous in
shape and typically exceeding 100-150 um in length [106,107]. Sprats exhibited the highest
oxidative stress (+2), consistent with high levels of microplastics accumulated, amongst
all studied species assessed by [23]. Conversely, mussels and rapa whelk showed effective
stress balance. Micro- and mesoplastics made of polypropylene (PP) and polyethylene
terephthalate (PET) were found in canned sardines and sprats, likely resulting from particle
migration into edible tissues, incomplete gutting, or contamination during processing.
Even though their abundance was low, particularly for particles larger than 149 um, their
presence still highlights the potential impact on human health [108] (Karami et al., 2018). It
was estimated that 1-10 pm microplastics can accumulate in human’s body tissue in the
order of 8.32 x 103 particles/capita by the age of 18, and 5.01 x 10* particles/capita by
the age of 70 [109]. While these findings indicate potential pathways for human exposure,
the study did not include exposure load estimates, FAO/WHO guideline comparisons,
or local consumption data, aspects highlighted recently in global reviews [110], and re-
gional seafood consumption studies from the Black Sea [111]. The focus was placed on
occurrence data, providing a foundation for future investigations. Subsequent studies
should integrate occurrence results with dietary intake surveys and international safety
benchmarks to enable a more comprehensive evaluation of human health risks in the
Romanian Black Sea region.

5. Conclusions

This research contributes to the sustainability of Black Sea ecosystems and fisheries by
generating essential data on microplastic accumulation in commercially important species.
Our study presents new data on microplastic contamination for three economically and
ecologically significant species from the Romanian Black Sea coast: Mytilus galloprovin-
cialis, Rapana venosa, and Sprattus sprattus. Our results also provide the first documented
microplastic occurrence, types, and quantities in sprats and rapa whelks from this area,
highlighting the widespread presence of microplastics in both benthic and pelagic species.

All three species examined were found to contain microplastics, with blue, black, and
transparent fibers being the most common. Our findings support previous research indicat-
ing that trophic transfer plays a significant role in microplastic accumulation, particularly
in higher trophic level predators.

Most microplastics detected were 1-5 mm and 330 pm !

mm, indicating that particles
of this size are readily ingested and retained in tissues across all three studied species.

All three species are consumed by humans, either whole or in part, and therefore
have the potential to transfer microplastics and other accumulated pollutants through
the seafood supply. Considering that humans encounter microplastics from a variety
of environmental and dietary sources, extensive research is needed to assess the risks
associated with seafood consumption; to date, no studies have evaluated the health impacts
of microplastic ingestion in the Black Sea, highlighting the urgency of such investigations.

Our results further support the observations that microplastic pollution is widespread
throughout the Black Sea and may accumulate within the marine food chain. These insights
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are essential for guiding regional policies on marine pollution, promoting responsible
seafood production, and advancing marine-related sustainable development objectives.

Ongoing research is vital to track long-term patterns and to understand the human
health and ecological effects of this contamination. Consistent monitoring of key bioindi-
cators, particularly fish and bivalves, along with sediment analysis, will be essential for
gaining deeper insight into and mitigating the risks that microplastics present to this
ecologically important marine environment.

Author Contributions: Conceptualization, A.-M.C., E.S. and E.-D.P; methodology, A.-M.C.; valida-
tion, A.-M.C. and E.S.; formal analysis, A.-M.C., E.-D.P. and G.-E.H.; investigation, A.-M.C.; resources,
A-M.C,C.S.D. and A F; data curation, A.-M.C. and E.S.; writing—original draft preparation, A.-M.C.;
writing—review and editing, A.-M.C.,L.B.,E.S,, E-D.P,, AF. and C.S.D.; visualization, A.-M.C., E.-D.P.
and G.-E.H.; supervision, E.S. and L.B.; project administration, E.S.; funding acquisition, E.S. All
authors have read and agreed to the published version of the manuscript.

Funding: The research was fully funded by the Romanian Ministry of Research, Innovation, and
Digitization within the National Nucleu Program SMART-BLUE (grant no. PN23230104 /33N /2023).

Institutional Review Board Statement: Because the fish, rapa whelks, and mussels were gathered
through scientific fishing activities, no ethical approval was required. Research was conducted on
dead individuals.

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

KOH Potassium hydroxide

FO Frequency of occurrence

PAH Polycyclic Aromatic Hydrocarbons
PCB Polychlorinated Biphenyls
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PET Polyethylene terephtatale

pp Polypropylene
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DG Digestive gland

ST Soft tissue

S Stomach

GIT Gastrointestinal tract

G Gills
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