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Abstract: Meiofauna (body size within 30–1000 µm) are the community of microscopic invertebrates
that live at the bottom of marine and freshwater ecosystems and play a key role in the food webs
of these environments. Several studies have addressed the adverse effects of anthropic stressors on
meiofauna; however, data on the presence and impact of plastic debris in wild meiofaunal organisms
are scant. Since the amount of microplastic waste in sediments may surge rapidly, ascertaining the
ingestion of these xenobiotics by the abundant micrometazoan community is necessary to understand
their potential accumulation in aquatic food webs and their hazard to the health of the ecosystem.
The absence of documentation in this regard may be due to the difficulty in detecting the small size of
the plastic fragments meiofauna may potentially ingest. To overcome this difficulty, we developed an
integrated approach based on different microscopic/spectroscopic techniques suitable for detecting
plastic particles of sizes down to 200 nm.
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1. Introduction

Meiofauna are the community of microscopic invertebrates that live on or within the
sediments of marine and freshwater ecosystems. The community is highly diverse and
represents a significant fraction of the biodiversity of water bodies. The recent literature
in streams suggested that as meiofauna increase web complexity, taking into account
their functional diversity may be crucial to the understanding of food web properties and
ecosystem processes [1].

Moreover, although small-sized, meiofaunal organisms play a role of primary im-
portance in food webs as they are responsible for the transfer of energy from low to
higher trophic levels, i.e., from the microbial loop to the macrofauna and juvenile forms of
fish [2–4]. Given its relevant contribution to the health of aquatic ecosystems, it is not
surprising that several studies have dealt with the adverse effects of various anthropic
stressors on meiofauna [5], with some noticeable gaps (see below).

Plastic fragments less than five millimeters in diameter are pervasive pollutants in
marine environments throughout the globe. According to recent studies, plastic debris
is defined as microplastic when in a size range of 5000–1 µm and nanoplastic if <1 µm
(1000 nm) that is considered the typical border of colloids [6]. Nevertheless, a definition
supported by all scientists is still far from being developed, as some researchers support a
lower range of dimensions for nanoplastics (<100 nm) [7].
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The amount of microplastic debris in sediments may surge rapidly, affecting organisms
inhabiting marine sediments, and has become an emerging issue (e.g., [8–10]).

However, information regarding the presence of microplastics in meiofaunal organ-
isms in the wild is practically non-existent. A bibliographic search in WoS and SCO-
PUS databases (years 2010–2022, keywords: meiofauna and microplastics) yielded a sin-
gle work, which documented the presence of plastic microfibers in individuals of three
interstitial polychaete species [11]. Among the so-called microplastics, microfibers are
probably the most easily identifiable inside an organism by their larger size and color.
The small-magnification image supplied with the cited article, showing a specimen of
Saccocirrus pussicus with a microfiber inside its intestinal tract, demonstrates this [11]. In-
deed, the ease of identifying relatively large fragments of microplastics inside the animals
using a simple stereomicroscope guided the cited research. Although the study by Gusmão
and collaborators [11] did not lead to the discovery of microfibers in other meiofaunal
organisms, specifically in other meiobenthic annelids, it could not exclude the presence of
other different types/shapes of microplastics in their gut.

Microplastics of different shapes and sizes are widespread contaminants in marine
environments around the world, and their deposition may change the texture of the
sediment, affecting meiofaunal distribution and diversity (e.g., [12,13]). Moreover, the
ability of meiofaunal organisms, belonging to a broad taxonomic spectrum, to ingest
microplastics has been demonstrated experimentally in microcosm studies (e.g., [14,15]).
Notwithstanding, proof that in nature, meiofaunal organisms ingest microplastics regularly
and not occasionally, as the work by Gusmão et al. [11] suggests, is still lacking.

Due to their anatomical constraints (e.g., the small mouth), the microscopic size of the
plastic debris that meiofaunal organisms could potentially ingest makes the identification of
the tiny pieces in their gut difficult and may explain the current absence of documentation.
Nonetheless, ascertaining the ingestion in nature of these xenobiotics by the abundant
meiofaunal organisms is necessary to understand their potential accumulation in aquatic
food webs and the hazard they pose to the health of the ecosystem [16,17].

This research aims to develop an integrated methodology to detect the presence of
nanoplastics and small-sized microplastics (1 and 3 µm, [18]) in experimental meiofaunal
organisms and apply it to the natural populations to quantify the uptake of these pollutants
in the wild.

2. Materials and Methods
2.1. Meiofauna Positive Controls

Meiofaunal organisms acting as positive control were prepared at Modena. These
were represented by laboratory-reared adult harpacticoid copepods (Tigriopus fulvus) and
chironomid larvae (Chironomidae sp.), initially found in the supralittoral rock pools near
Livorno [19]. For the microplastic ingestion experiment, the specimens were placed in six
5 cm diameter vessels filled with 35‰ artificial seawater and fed liberally with a mixture of
fish-flaked food and 1-; 3-; and 1 + 3 µm diameter Fluoresbrite® YellowGreen polystyrene
microbeads (Polysciences Europe GmbH, Eppelheim, Germany).

During the experiment, the culture water was not changed or aerated, and food
and microbeads were added at the beginning; the concentration of microbeads was
not determined.

After four-day feeding, animals were fixed in either 96% ethanol or 10% borax-
neutralized formalin. The ingestion of the plastic microspheres by the experimental meio-
fauna was ascertained under a fluorescence microscope (Nikon Eclipse 90i) using UV or
FITC filters. After inspection, animals were transferred to 0.5 mL glass vials and sent to the
Bioscience Research Center (Orbetello) for micro- and nanoplastic quantification.

2.2. Meiofauna from Natural Sites

We obtained natural meiofauna populations from the marine area facing the city of
Livorno, Italy (western Mediterranean Sea). In particular, meiofauna in three sites with
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potentially different levels of plastic pollution were collected: inside the Marine-Protected
Area, Secche della Meloria (site M, low pollution), at the Yacht Club port of Livorno, site
Y, high pollution), and from a site located between the yacht club and the AMP (site I,
intermediate pollution). Type and levels of plastic debris and other pollutants in the three
investigated sites can be found in Furno et al. [20].

Six sediment replicates containing meiofauna were collected manually using HDPE
corers in each of the three sites mentioned above (M, Y, and I). In sites Y and I, the top
3 cm of sediment (top layer, about 9 cm3) was collected, while in site M, characterized by
a medium-coarse deposit, the top 10 cm (about 30 cm3) of sediment was sampled. The
collected material was transferred to jars and fixed with at least three-times the volume of
95% alcohol (3 replicates from each site) or 10% borax-buffered formalin (3 repeats). The
samples were then sent to the Modena laboratory, where the meiofauna were extracted
using the multiple swirling and decantation technique [3]; in the case of the alcohol-
preserved samples, we used fresh alcohol for each decantation.

Animals from the replicates of a given sampling site were sorted out by taxon and
pooled to obtain two forecasted sets of at least 25–50 specimens each. Sets of sorted organ-
isms were transferred to glass vials and sent to the Bioscience Research Center at Orbetello
for analyses aimed at the specific search of microplastics and their chemical characterization.

2.3. Sample Treatment

Most of the tested animals are characterized by a thick, generally chitinous exoskeleton
(Figure 1A) that must be completely digested before the determinations of the ingested
microplastics may be achieved. After some trials, a complete digestion of the roughest
original matrix (i.e., Copepoda) was achieved using a saturated solution of KOH + NaOH
coupled with sonication at 40 Hz for 20 min (30 ◦C). Therefore, we used this digestion
technique for all the samples.

Test samples were treated in a controlled area (glove box; Iteco engineering, mod.
SGS20-13599, serial number 103,421) to ensure the absence, down to 200 nm of size, of
contamination from air and other laboratory sources. Digested samples were filtered on
Anodisc® (aluminum oxide membrane; 0.2 µm, Whatman, Maidstone, UK, lot A21184266)
using a 13 mm PTFE syringe filter holder on a Luer-lock glass syringe (see [21]). Wet filters
were collected under the glove box environment in a glass Petri dish and dried in an oven
at 39 ± 1 ◦C. Positive controls (animals fed with 1–3 µm fluorescent polystyrene spherules)
were carried out on single chironomid larva (n = 9 per treatment) and copepod (n = 20 per
treatment). Negative controls (composed by a set of empty glass, unused Anodisc® filters)
were performed in 5 replicates per batch of analysis according to the literature [22]. For
details concerning the positive control treatments, see Quality Assurance and Quality
Control (QA/QC) paragraph below. Finally, a standardized method for extraction and
recovery of particles was applied on all tested samples such as positive/negative controls
on environmental samples (animals collected from the two natural sites) [22]. All the tested
samples were analyzed using three distinct, integrating techniques, as reported below.

2.4. Microscopy and Microchemical Analyses

Initially, the Anodisc® filters were analyzed under microscopy associated to Fourier-
Transform Infrared Spectroscopy technique (µFT-IR; Nicolet™ iN™ 10 MX; Thermo Fisher
Scientific, Waltham, MA, USA); the analyzing system was equipped with a liquid-nitrogen-
cooled MCT-A operating within a spectral range 7800–650 cm−1 and OMNIC™ Picta™
(Thermo Scientific, Waltham, MA, USA) user interface. This technique is mainly directed to
the identification of relatively large plastic fragments. Particles within a dimensional range
of 10–150 µm in length and <35 µm in width were analyzed via the Wizard-operating mode
through transmission. All microplastics within this size range were recorded to allow for
counting and measurements, using the “mosaic” software (Wizard section of OMNIC™
Picta™ software). The second analysis was carried out under RAMAN microscope spec-
troscopy (µRAMAN, DXR2, s/n AIY1716158, Thermo Scientific®), equipped with Olympus
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10–1000× confocal microscopy for the chemical identification of the targeted particles using
the Raman response (laser set emission source at 532 nm). This technique allows for the
chemical identification of particles down to 1 µm of chemical resolution.

Environments 2023, 10, x FOR PEER REVIEW 5 of 12 
 

 

3. Results and Discussion 
3.1. Meiofauna Positive Controls 

Microscopical observation under a dissecting microscope (Wild M8) indicated that 
the alcohol-fixed copepods had relatively empty guts; therefore, subsequent analyses fo-
cused on the formalin-fixed animals. In fact, alcohol fixing may induce regurgitation/def-
ecation in invertebrates, hence, the reason the guts of alcohol-preserved specimens may 
be empty. Formalin fixation is faster and, thus, less likely to result in regurgitation/defe-
cation. 

Fluorescence microscopy revealed that all the inspected animals (both Copepoda and 
chironomids larvae) had clusters of microbeads in their alimentary canal. In particular, 
juveniles and adults of Tigriopus fulvus invariably had two clusters of microbeads. A 
smaller one in the anterior midgut and a larger one in the posterior midgut [24] (Figure 
1). The chironomid larvae exhibited more variability regarding the distribution and size 
of the bead clusters along their gut. 

 

Figure 1. Meiofauna positive control —photomicrographs of the experimental specimens of Tigri-
opus fulvus showing the intake of fluorescent-labelled polystyrene microspheres (arrows). (A–C) A 
gravid female; (D–F) a juvenile (copepodite); (A,D) bright-field microscopy; (B,E) florescence mi-
croscopy using UV filter; (C,F) florescence microscopy using an FITC filter; (F) inserts show the 
single 1 and 3 µm diameter microspheres. 

3.2. Meiofauna from Natural Sites 
Observation under a dissecting microscope of the extracted meiofauna revealed a 

relatively low faunal richness, both in terms of major taxa present and the number of in-
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Figure 1. Meiofauna positive control —photomicrographs of the experimental specimens of
Tigriopus fulvus showing the intake of fluorescent-labelled polystyrene microspheres (arrows).
(A–C) A gravid female; (D–F) a juvenile (copepodite); (A,D) bright-field microscopy; (B,E) flo-
rescence microscopy using UV filter; (C,F) florescence microscopy using an FITC filter; (F) inserts
show the single 1 and 3 µm diameter microspheres.

The third analysis was performed using Field emission Scanning Electron microscopy
(FESEM model Zeiss, Merlin II). This technique allows for taking ultra-high-resolution
pictures of the Anodisc® filter and performing chemical analyses by combining Energy-
Dispersive (EDS) and Wavelength-Dispersive Spectroscopy (WDS) on the recovered parti-
cles in the dimensional size range down to 200 nm (the size of the filter pores). A special
charge compensator allows to perform qualitative and quantitative elemental analysis of
non-conductive specimen in high vacuum conditions required for high resolution imaging.
Chemical analysis was carried out on all the recovered particles.

2.5. Quality Assurance and Quality Controls

Laboratory environment, equipment, and procedures were specifically devised to min-
imize sample contamination for this specific target of pollutant. The materials, equipment,
bench surfaces, and gloves were carefully cleaned before and after the analysis of each
sample; moreover, all glassware was accurately pre-rinsed to avoid potential contamina-
tion. Criteria for the QA/QC approach adopted in this study to ensure data quality follow
criteria and procedures indicated mostly by Hermsen et al. [23]. Furthermore, quality
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controls on instruments were carried out to ensure data quality of chemical determinations
performed on recovered particles. Finally, negative and positive controls were determined
to ensure data quality.

Positive controls: Positive controls were performed to ensure the recovery of particles
from animals actively fed with marked PS particles of the dimension of interest (1–3 µm
and a mixture of both). The presence of fluorescence microbeads in digested material
retained on Anodisc® was explored first using a fluorescence microscope (Intensilight HGFI)
equipped with DAPI (EX340-380 DM 400 BA435-485), FITC (EX465-495 DM505 BA515-
555), and TRITC (EX542/20 DM 570 BA620/52) filter sets and objectives 4–100 × CFI/DLL
(Nikon). This analysis step aimed to detect, and count recovered nanoparticles within the
dimensional range of 1–3 µm.

Negative controls: Negative controls were performed to ensure the absence of external
and cross-over pollution of samples during the analytical process, including sample ma-
nipulation in laboratory, treatments occurred under the glove box, and drying and filter
analyses under different instrument used (n = 5). Results on negative controls performed
under the glove box (n = 5) per batch of analysis ensure the absence of external pollution
within dimensional range of specific interest. Following testing of the filters, no parti-
cles larger than 1 µm were detected using RAMAN microscopy nor particles bigger than
200 nm by FESEM microscopy.

Quality controls on measurements: Double peak system ranging between 2350 and
2300 cm−1 was corrected using the “atmospheric correction” mode available in the
OMNICTM PictaTM software. Collected spectra were back recognized using the Thermo®

library integrated with the BsRC ones. The threshold for µFT-IR spectra, and RAMAN
back-recognition was fixed over 80% of match. Limit of detection was 10 µm of maximum
size (µFT-IR) and 1 µm (RAMAN); the size threshold in FESEM microscopy was limited by
the size of pores of the Anodisc® used for sample filtrations (200 nm).

3. Results and Discussion
3.1. Meiofauna Positive Controls

Microscopical observation under a dissecting microscope (Wild M8) indicated that the
alcohol-fixed copepods had relatively empty guts; therefore, subsequent analyses focused
on the formalin-fixed animals. In fact, alcohol fixing may induce regurgitation/defecation
in invertebrates, hence, the reason the guts of alcohol-preserved specimens may be empty.
Formalin fixation is faster and, thus, less likely to result in regurgitation/defecation.

Fluorescence microscopy revealed that all the inspected animals (both Copepoda and
chironomids larvae) had clusters of microbeads in their alimentary canal. In particular,
juveniles and adults of Tigriopus fulvus invariably had two clusters of microbeads. A smaller
one in the anterior midgut and a larger one in the posterior midgut [24] (Figure 1). The
chironomid larvae exhibited more variability regarding the distribution and size of the
bead clusters along their gut.

3.2. Meiofauna from Natural Sites

Observation under a dissecting microscope of the extracted meiofauna revealed a
relatively low faunal richness, both in terms of major taxa present and the number of
individuals. The only common taxonomic groups in the samples from the three sites were:
Nematoda, harpacticoid Copepoda, and Polychaeta. However, the number of meiofaunal
organisms from the intermediate site (site I) was so low as to suggest their exclusion from
further analyses. Moreover, also in this case, the guts of the alcohol-fixed specimens were
almost empty for the reason previously explained. Therefore, subsequent analyses focused
on formalin-fixed fauna from site M and site Y only (Figure 2).
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Figure 2. Meiofauna from natural sites—photomicrographs of meiofaunal organisms tested for
the intake of microplastics. (A), whole meiofauna community; (B), harpacticoid Copepoda;
(C), Nematoda; (D), Polychaeta.

3.3. Microscopy and Microchemical Analyses
3.3.1. General Findings

Our analyses found microplastic elements associated only with the positive con-
trols and to the meiofauna samples from natural sites; negative controls were completely
blank/clean.

3.3.2. Positive Controls

As expected, polystyrene microbeads were found in all tested samples, i.e., single
chironomid larvae and Tigriopus fulvus; moreover, the size of the microspheres mirrored
the food protocols reported. The mean value of the recorded microplastic items per sample
ranged from 2.73 to 4.03× 106 particles per exposed animal, with little differences regarding
tested taxa and size of the ingested microbeads (Table 1, Figures 1, 3 and 4). This numerical
information assumes relevance concerning the discriminatory power of the used analytical
techniques. While we caution on the use of these data for comparisons within and between
the present taxa, these results open new avenues for studies aimed at shedding light on the
foraging strategy and ingestion/egestion rates of tiny organisms, provided the amount of
fish flakes and microbeads fed to the experimental animals is appropriately standardized,
which was beyond the scope of the present research. In addition to the spherical particles, a
polyester fiber (248.7 µm in length) was recorded in one of the positive control s, chironomid
larvae. The source of this contamination remains unknown but very likely occurred outside
the BsRC laboratory.
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Table 1. Meiofauna positive control. Estimation of PS-fluorescent microbeads recorded per animal.
Mean (±standard variation).

Taxon Particle Size (µm) n. Particles × 106

Chironomid larvae (n = 9)
1

4.03 (±1.26)
Tigripus fulvus (n = 20) 3.70 (±1.19)

Chironomid larvae (n = 9)
1–3

3.35 (±1.32)
Tigriopus fulvus (n = 20) 3.55 (±0.65)

Chironomid larvae (n = 9)
3

2.73 (±1.04)
Tigriopus fulvus (n = 20) 3.39 (±0.46)
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Figure 4. Positive control analyses by FESEM microscopy: (A) Secondary electrons (morphoscopic)
micrograph of a gravid female of Tigriopus fulvus; (B) image of targeted particle used as spiking
nanoplastics; (C) chemical microanalyses combining FESEM with EDS of targeted particle supporting
the presence of fluorescent plastic particles (C, P). The presence of Al and O in the reported spectrum
is due to the contamination by surrounding Anodisc®.

The size range that determines the classification of plastic particles as micrometric,
submicrometric, and nanometric has been repeatedly reviewed in the literature [25,26].

Currently, the size range that limits microplastics is 1 micrometer, while particles
between 1 micrometer and 100 nanometers are called submicrometric [27]. However, some
protocols still widely used, such as GESAMP, delineate nanoparticles starting at a size of
<1000 nm [28]; in this size range, particles are said to exhibit colloidal behavior [25]. The
detection of particles in a size range of less than 1000 nm requires high attention to control
and clean the working environment [27].
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Various extraction methods have been tested so far to optimize the extraction of tiny
plastic particles from different matrices (i.e., water, sediments, soil, and biota), showing
advantages and limitations [27].

Waddel [29] showed that the digestion of organic material with acids leads to the
degradation of some plastics, such as PA and PU, while oxidation with H2O2 degrades
plastics as a function of temperature [30]. On the other hand, alkaline digestions using
KOH and NaOH lead to efficient and gentle particle degradation when performed at low
temperatures, as in this study [30,31].

In addition, ultrasonic treatment has been reported in the literature to efficiently
remove lipids and proteins without generating potassium salts [32] and can be used in
combination with chemicals [33]. Furthermore, the direct filtration of digested animals on
the Anodisc® allowed for the collection of particles down to 200 nm in size. Finally, the
associated use of different techniques, such as µFT-IR, µRAMAN [28], and FESEM [34],
improved the detection performance of the tested method down to the nano scale (200 nm).
To conclude, the method proposed in this study appeared to be suitable, robust, fast, and
cost-effective for quantification and chemical detection of plastic particles down to 200 nm
in meiofauna samples.

3.3.3. Meiofauna from Natural Sites

Microscopic analysis of the specific Anodiscs® (i.e., retaining material from the diges-
tion of meiofaunal organisms collected in nature) revealed the presence of few particles
resembling microplastic debris in four filters only: two with material from Copepoda
and two from Polychaeta (Table 2). Chemical determination of the ten particles found
indicated that only two were microplastics, the other being of biological origin (likely
cuticle fragments).

Table 2. Meiofauna from natural sites. Analyzed taxa, individuals per batch, site of origin, analyzed
items, type, composition, and length of the found microplastics. Only replicates with potential plastic
items are reported. PP = Polypropylene; PE = Polyethylene.

Taxon Site n. Specimens n. Items Microplastics Chemical
Determination

Length
(µm)

Copepoda M 50 3 1 PP 256.9
Copepoda Y 25 4 1 PE 492.6
Polychaeta M 50 1 0 - -
Polychaeta Y 25 2 0 - -

The chemical composition and the elongated, thread-like shape identify the two plastic
elements as microfibers (Table 2). The size and shape of the recovered plastic particles
suggest they may have originally been attached externally to the body of some specimen
rather than being ingested items. The fact that the microfibers have been found only in
copepod samples supports the hypothesis of external contamination since the legs of these
animals, provided with numerous setae, constitute a perfect filter within which the stray
microfibers may remain trapped.

The absence on nano- and microplastics inside the tested organisms is somewhat
surprising, considering the ability of meiofaunal taxa to ingest these contaminants ([14,15]
and present study) and the pervasiveness of the microplastics in the marine system in
general and in the sediment of the sites we sampled in particular [20]. Two main hypotheses
explaining the absence of nano- and microplastics inside the tested organisms may be put
forward: (i) the absence of particles of ingestible dimension in the sites from where the
animals derive, (ii) specific feeding strategies of the analyzed animals.

To detect and precisely quantify nano- and microplastic particles in the wild is dif-
ficult [27], and we did not test our samples for this. On the other hand, the presence of
larger microplastic debris at the same sites makes the absence of in situ smaller fragments
very unlikely (Furno et al. [20]). Concerning the tested animals’ potential ability to avoid
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microplastic ingestion (implied by the second hypothesis) specifically, we highlight that
various species of different taxa were analyzed (see the diversity of fauna in Figure 2);
consequently, it is highly improbable that all these species have evolved the same ability
to selectively avoid the ingestion of small microplastics. Lee et al. [35] showed that cope-
pods (Tigriopus japonicas) ingested nanoplastics (50–500 nm of size). A further hypothesis
explaining the absence of contaminants in our samples could be that the sites we sampled
have relatively low levels of nano- and microplastic contamination. In this situation, the
meiofauna can still find uncontaminated food (e.g., sediment patches without microplas-
tics). It is worth mentioning that one of the sampling sites was located within the Meloria
shoals, a protected marine area (MPA) of about 40 km2 sited at about 3 miles off the coast
of Leghorn. Benthic assemblage and pollution levels in this natural reserve were studied,
and the high biodiversity recorded is associated to low levels of human pressures [36,37].
On the other hand, the other sampled site (site Y) is located within the port of Leghorn,
which is not immune to microplastic pollution (Furno et al. [20]).

4. Conclusions

The results from positive controls and the absence of contamination on the negative
controls validate the integrated approach developed in this study for detecting plastic parti-
cles down to 1000 nm in size and suggest its usefulness for the discovery of contamination
from nanoplastics down to 200 nm (Figure 4). The very low number of microplastics found
in the meiofauna samples from natural sites and, in particular, the absence of particles in the
dimensional range (200–1000 nm) that the tested organisms could potentially ingest indicate
a negligible contamination by small-sized microplastics of these natural populations. This
result could be due to the scarce sediment pollution of the studied MPA. Nevertheless, the
same result was recorded in the harbor site (Y), leading to the supposition that meiofauna
are inefficient for transferring microplastics to the higher trophic levels, thus decoupling the
negative impacts of microplastics predicted from species-specific studies from the effects
realized at the ecosystem scale [38]. Nevertheless, further research, possibly carried out in
very impacted areas, is needed to better clarify the meiofauna–microplastic interaction and
the role of natural meiofauna populations in transferring micro- and nanoplastics to the
higher trophic levels.
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