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Microplastic (MP) pollution poses a global concern, especially for benthic invertebrates. This one-month study
investigated the accumulation of small MP polymers (polypropylene and polyester resin, 3-500 pm, 250 pg L)
in benthic invertebrates and on one alga species. Results revealed species-specific preferences for MP size and
type, driven by ingestion, adhesion, or avoidance behaviours. Polyester resin accumulated in Mytilus gallopro-
vincialis, Chamelea gallina, Hexaplex trunculus, and Paranemonia cinerea, while polypropylene accumulated on
Ulva rigida. Over time, MP accumulation decreased in count but not size, averaging 6.2 + 5.0 particles per in-
dividual after a month. MP were mainly found inside of the organisms, especially in the gut, gills, and gonads and

externally adherent MP ranged from 11 to 35 % of the total. Biochemical energy assessments after two weeks of
MP exposure indicated energy gains for water column species but energy loss for sediment-associated species,
highlighting the susceptibility of infaunal benthic communities to MP contamination.

1. Introduction

The global concern for microplastics (MP) contamination in both
biotic and abiotic samples underlie a serious lack of management in the
value chain from the producer to the consumer of plastic materials
(Roland et al., 2022) that ultimately get discarded into the environment.
Plastic, in its many polymers, shapes and processes is an extremely
versatile and cheap material, ubiquitously present in many aspects of
daily life since the beginning of mass production in the 1950s (Kane and
Clare, 2019). It was estimated that 367 million tons of plastic materials
were manufactured in 2020 (Plastics Europe, 2021) and about 8 million
metric tons of plastic waste are expected to enter annually in the world’s
ocean (NASEM, 2022). Unlike the native primary MP that enter the
environment through various channels, secondary MP are generated by
progressive fragmentation and degradation of larger particles to fine
microparticles by means of physical, chemical and biological processes
that lead to the reduction of structural integrity of these plastics
(Andrady, 2011; Eriksen et al., 2014; Imhof et al., 2012). The resulting
fragments can have different colours, shapes and sizes ranging from few
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centimetres to few microns, therefore MP were categorized into 5 main
classes in function of their size: macroplastics (<200 mm); mesoplastics
(200-5 mm); large MP (5-1 mm); small MP (1 mm-1 pm) and nano-
plastics (<1 pm) (Andrady, 2017; Koelmans et al., 2015). The MP size
influence not only the mobility of the polymers (and therefore their
dispersion) but also their potential ingestion which is a function of the
organisms size and of their buccal apparatus and digestive system, as
smaller organisms can ingest only smaller particles. Polymers are
numerous and varied in composition. Following the level of plastic
production and release, six main categories of polymers (Dehaut et al.,
2016) emerge among the others, these include: polypropylene (PP), high
and low density polyethylene (HDPE and LDPE), polyvinyl chloride
(PVC), polyurethane (PUR), polyethylene terephthalate (PET) and
polystyrene (PS). Recent reports have assessed the ubiquitous presence
of MP in various environmental matrices from remote sparsely popu-
lated regions of the globe such as the poles to remote lakes and deserts
(Munari et al., 2017; Fang et al., 2018; Peng et al., 2018; Zhang et al.,
2019; Sfriso et al., 2020; Abbasi et al., 2021). Following processes of
fragmentation, fouling and flocculation, ingestion and egestion by biota,
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MP eventually became negatively buoyant, settling on the seabed
(Porter et al., 2018). Marine fouling on plastics was reported to increase
sinking velocity for large plastic pieces, but the development of a mi-
crobial biofilm alone was insufficient to induce sinking of common low
density MP such as polyethylene and polystyrene (Kaiser et al., 2017).
Therefore, the phenomena of ingestion and expulsion by organisms
(Cole et al., 2016) and the flocculation in shallow coastal areas by
capture in mucopolysaccharides and transparent exopolymer particles
(Summers et al., 2018) should represent significant sinking pathways
toward the bottom. Eventually the seabed should be considered as an
important sink for MP (Claessens et al., 2013; Van Cauwenberghe et al.,
2013; Woodall et al., 2014), especially in transitional water systems and
coastal areas where the mixture of fresh and salt-waters favours the
precipitation of colloids and primary productivity in the water column.
The organisms of the benthic communities associated with the seabed
are constantly in contact with MP (Coppock et al., 2021) facilitating the
burial of the particles on coastal areas, especially smaller MP (<1 mm)
that are missing in surface waters and tend to accumulate in sediments
(DeSmit et al., 2021), macroalgae (Sfriso et al., 2021) and benthic or-
ganisms (Sfriso et al., 2020).

An extensive literature of laboratory experiments exists describing
the effects of MP on aquatic organisms and many papers deals with
marine environmental contamination. However a severe lack of realism
was highlighted by many authors for laboratory experiments (Weis,
2020; Weis and Palmquist, 2018). This seems to especially pertain the
environmental contamination levels which are often lower of orders of
magnitude in comparison with laboratory tests (Burns and Boxall,
2018). Additionally, criticisms were raised regarding the short duration
of the experiments (h/days) and the size of the particles (Weis and
Palmquist, 2018) which do not necessarily reflect the preferential size
range of ingestion and accumulation in the different aquatic organisms.
Additionally, many authors in toxicological or ingestion studies of MP
focus their attention on low-density polymers such as PS, PP and PE, and
were largely neglecting high-density polymers. In a wide review by
Haegerbaeumer et al. (2019) out of 32 articles that examined the effects
of MP on benthic marine invertebrates, only 5 investigated the role that
high density polymers can play such as: poly(methyl methacrylate)
(PMMA), polyamide (PA), polylactic acid (PLA), PET and PVC. These
prompts were considered for the development of this study in order to
reveal the temporal dynamics of accumulation in microcosm for a
coastal macrobenthic community of the Northern Adriatic Sea. MP
fragments of irregular shape, for six dimensional classes, from two
polymer types, representative for low- and high-density MP (respec-
tively with density lower or higher than seawater = [1.02 g cm~>]) were
implemented at environmentally relevant concentrations aiming to: 1)
evaluate accumulation patterns for density, amount and size of MP over
time for selected benthic organisms; 2) evaluate MP accumulation in
target organs of the investigated benthic species; and 3) evaluate
biochemical energy allocation (loss and gain) for different benthic spe-
cies as an indicator of the state of well-being of the organisms.

2. Material and methods
2.1. Sampling area and organisms

All the organisms were collected from the Venice lagoon (Italy) in
proximity of the sea inlets. The collected organisms represent the
dominant benthic species in the reference study area. The animals used
in the experiments included: Paranemonia cinerea Contarini (1844) —
(deposit feeder, predator — macrophyte surface/mid water); Mytilus
galloprovincialis Lamarck (1819) - (filter feeder — mid water); Chamelea
gallina L. (1758) - (filter feeder — sediment infaunal); Palaemon serratus
Pennant (1777) - (grazer/scravenger/omnivore — all water column);
Tritia nitida Jeffreys (1867) - (scravenger - sediment infaunal/
epifaunal) and Hexaplex trunculus L. (1758) (scravenger/predator —
sediment infaunal/epifaunal). The macroalga Ulva rigida C. Agardh
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(1823) was used in the experiment as representative of primary pro-
ducers, the base of the tropic food chain. Specialist predators were
excluded from the study. The densities of the organisms were not chosen
by a typical density pattern that would occur in the wild but for the
experimental need to have enough individuals for all the analysis.

2.2. Quality assurance and quality control

In order to minimize MP contamination during handling, and anal-
ysis of the samples all the analytical procedures were performed on a
clean dedicated bench, and the operators wore cotton clothing and lab
coats during analyses performance. All the glassware and the aquariums
were carefully pre-cleaned by Contrad™ 70 liquid detergent and tap
water and then rinsed at least two times with filtered Milli-Q water. The
samples and the glassware were capped with aluminium foil and glass
caps during the analyses to minimize airborne contamination. One
analytical blank was performed at every cycle of analyses, and was
considered acceptable, with <3 particles per filter. The Whatman® glass
microfiber filters, Grade GF/F (0.7 pm) used during the analyses were
calcinated at 550 °C for 2 h before use to remove traces of MP con-
taminants. All used reagents were filtered with GF/F filters before use.

2.3. Microplastic production

The MP were produced by fragmentation in a top-down approach.
Two fluorescent polymers were selected for microplastic production,
representing low- and high-density polymers: red polypropylene (d ~
0.90-0.92 g cm’s) and polyester resin (d ~ 1.30-1.35 g cm’s). Red
polypropylene (PP) MP were produced utilizing the plastic body of a red
fluorescent marker (tratto VIDEO, F.LL.A. S.p.a.). Green fluorescent
polyester resin (PER) was made by dissolution of few milligrams of
fluorescein and polymerization of 50 mL of polyester resin (Poly Top, 3C
Commerciale Chimica Colori S.r.1.) with a commercial catalyst. Different
techniques were used for polymers fragmentation: scraping with a
scalpel, grinding in an electric spice grinder, gently grating on a fine
cheese grinder, and eventually grating with an abrasive sponge (grit
100). The particles obtained from all these techniques were pooled
together and sieved on a Vibratory Sieve Shaker (RETSCH model
AS200control) to separate different dimensional ranges: (<30 pm)-
(30-60 pm)—(60-125 pm)—(125-250 pm)-(250-500 pm)-(500-1000
pm). The MP produced were then pooled again in equal weight per each
dimensional range. Pharmaceutical grade diatomaceous Earth (Lochside
Natural Products Ltd) was used to mix, dilute and partition MP into
equal parts, and a mixture of approx. 100 mg of diatomaceous earth/MP
mix was used to introduce the same MP amount in the aquariums to get a
final MP concentration of 250 pg L7 [PP + PER]. Details about the
number of particles per dimensional range introduced in the experiment
are provided in supplementary material (Fig. S2).

2.4. Experimental design

Two sets of microcosm experiments were prepared in glass aquar-
iums (Fig. 1). The first experimental setup was carried out to investigate
the fate and accumulation of prepared fluorescent MP (final concen-
tration of 250 pg L~ [PP + PER]) over time periods (3, 7, 14 and 30
days). The second experimental setup was conducted in the same con-
ditions of the first experiment for 14 days to explore the MP accumu-
lation in different target organs of the tested organisms and measure the
macronutrient constituents (proteins, carbohydrates, lipids) in the soft
tissues. The total macronutrients were converted into energy to evaluate
energy gain or losses in different species due to MP accumulation in
comparison with control conditions. The following conversion factors
were used (FAO, 2003): carbohydrates 16 J mg’l; proteins 17 J mg’l;
lipids 37 J mg L.

The first experimental setup consisted of 3 aquariums each filled
with 25 L of seawater (filtered by fiberglass filters GF-F to eliminate MP
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Fig. 1. Schematic representation of aquariums setup.

and suspended particles). A bottom sediment layer (5 cm) of calcinated
sand (i.e. 550 °C for 2 h to eliminate MP contaminants) was placed in
each aquarium. The oxygenation and water circulation were ensured by
means of small air pumps with free bubbling fixed midwater. Two 9 W
led lights were used as light source with a day/night cycle of 12 h. Each
aquarium was covered by a Plexiglas lid to prevent airborne MP
contamination. The test organisms were sampled and depurated for 2
weeks and three water changes were performed with filtered seawater
during depuration in order minimize environmental MP contaminants,
the organisms were then transferred to the experimental aquariums. For
each aquarium, an amount of 30 g of prewashed macroalga (U. rigida)
was added. Filter feeders and deposit-feeders were fed every 24 h with
50 mg per aquarium of pre-dissolved microalgae dry powder (Nanno-
chloropsis gaditana by My Superfoods Ltd). A minimum of 12 individuals
for each species was placed in each aquarium and a mixture of MP was
added. At every sampling time (3, 7, 14 and 30 days) two individuals for
each species were sampled together with 5 g of U. rigida and about 60 g
of sediment (a pool from three sediment cores per aquarium). All sam-
ples were packed in aluminium foil and frozen for analysis.

The second experimental setup was composed of two aquariums (25
L) with addition of fluorescent MP and two aquariums set as negative
control (without MP addition). All the organisms were collected after 2
weeks and pooled as control aquariums and as exposed ones. Half of the
organisms from the MP exposed aquariums were utilized for the
macronutrient analyses. The second half of the exposed samples was
used within 24 h to separate (when possible) the internal organs:
hepatopancreas, gonads, gut, gills, and “other tissues” (which represent
the remaining internal organs thereafter pooled together). The soft tis-
sues of the animals were washed with NaOH 1 % solution with intense
shaking for 1 min to remove loosely attached external MP particles, then
they were quickly rinsed with a NaHCO, solution, placed on a Petri dish
and the organs were carefully separated.

2.5. Digestion, MP purification and analysis

The organisms, macroalgae and the sediments were freeze-dried
completely and stored in the dark. The dried organisms from each
aquarium pool were counted, separated into shells and soft tissues,
weighted, and processed together. The lyophilized soft tissues from each
organism were washed with NaOH 1 % solution with intense shaking for
1 min in a glass bottle in order to remove loosely attached external MP
particles. For each type of organism, these wash solutions and any dis-
carded shells were pooled (by mixing the three-aquarium wash repli-
cates together in one), recording the respective counts and weights of
the involved organisms. The washed organisms were transferred into a
100 mL flask and digested with NaOH 1 % solution at 40 °C for 24 h
(Sfriso et al., 2020) with a biomass/solution ratio of 20 mg dw/mL. The
wash pool solutions were digested by the same method.

MP were extracted from macroalgae following the protocol of Sfriso
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et al. (2021) by shaking of 1 g dw of U. rigida in 100 mL extracting so-
lution (NaCl 30 g L_l, NazEDTA 100 mM) for 30 min. The extraction
protocol was repeated (2 times) with additional 50 mL of extraction
solution.

For sediment, MP were extracted by density floating in CaCl, solu-
tion with of d ~ 1.4 g em™°. The extraction was performed in 50 mL
flasks from 2 g of dried sediment. The CaCl; solution was added reaching
the edge of the flask and the sediment was mixed with a magnetic stirrer
bar (coated by aluminium foil) for 5 min, then the sediment was left to
settle. Subsequently, MP were recovered by overflowing the solution
from the flask collecting the supernatant. The extraction procedure was
repeated 3 times for full recovery.

The purification of MP from all digested extracts was carried out
following the oil-extraction protocol (Crichton et al., 2017) with some
minor modifications. Briefly, an aliquot of the digests was transferred to
separation funnel and was diluted with filtered tap water followed by
addition of 10 mL of filtered sunflower oil. The mixture was shaken for 1
min then settled for 5 min. Aqueous fraction was discarded, and the
restored oil fraction was re-purified with additional filtered water to
recover the MP. The oil fraction was diluted with hexane and filtered
with Whatman® glass microfiber filters, Grade GF/F. The filters were
washed with 10 mL of ethanol:methanol:isopropanol solution (90:5:5 v/
v) to remove organic contaminants and residual oil.

The qualitative/quantitative analysis of MP was performed using
epifluorescence microscopy (Olympus BX51 Microscope) with UV
excitation by scanning the whole filter (or half or one quarter in function
of the MP abundance) in a 10x magnification and capturing the red (PP)
and green (PER) fluorescent particles by a digital camera. The images
were processed by ImageJ software to measure the Feret diameter
hereinafter used to describe the size of the particles. The size detection
limit for the smallest particles was 3 pm.

2.6. Macronutrients analyses

Prior to analyses, shells were removed and the organisms were dried,
then ground to fine powder and kept in dry place. The total protein
analysis was performed by digestion of ground organisms in 0.5 M NaOH
for 15 min at 105 °C. Total protein concentration was measured spec-
trophotometrically using Bradford protein assay (Bradford, 1976).
Bovine serum albumin was used for the calibration curve.

The total carbohydrates analysis was performed by digestion in
H2S04 72 % at 30 °C for 1 h and measurement by phenol-sulphuric acid
assay (Dubois et al., 1956). Glucose was used for the calibration curve.
The total lipid analysis was performed by ultrasound assisted extraction
for 30 min (Metherel et al., 2009) in a hexane/isopropanol (3/2, v/v)
solution (Hara and Radin, 1978) followed by gravimetric determination
in aluminium capsules after drying.

2.7. Statistical analysis

Non-parametric Wilcoxon rank sum tests were performed in order to
assess significant differences between MP contents accumulated over a
time period (3, 7, 14 and 30 days) for each organism. Spearman Rank-
Order correlations were performed to assess significant correlations
between MP contents in each species. Furthermore, linear regressions
were applied to MP accumulated in all the organisms and the relative
allocated energy. Regression coefficients, relative p-value, R-squared
and all statistical analyses were performed using R software, version
3.5.3.

3. Results
3.1. Sediment and macroalgae MP accumulation

The microcosm experiment follow over time the sedimentation of MP
by means of accumulation as item g~ ! dw in macroalgae and sediments.
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Macroalgae (U. rigida) were by weight the main accumulators of MP
after 3 days with 140 item g~ dw (Fig. 2) with dominance of PP (PP 85
%: PER 15 %). The MP content reduced in U. rigida over time retaining a
higher content of large-size low-density particles after 30 days. Overall,
macroalgae proved to be non-specific accumulators in terms of size of
MP fragments. In fact, the histogram of Fig. 3a illustrates that the dis-
tributions of dimensional frequencies spread over a wide size range.

The sediment, unlike macroalgae, showed a slower MP accumulation
trend over time which almost never exceeded 19 + 8.8 item g~! dw,
except at 14 days with a peak accumulation of 60 & 77 item g~ dw for a
median size of 18 pm (Table. 1). The size range frequency distribution
for sediment MP (Fig. 3b) displayed an equalized distribution in terms of
PP (52 %) and PER (48 %) following the distribution of the MP mixture
introduced into the aquariums. Eventually the first (3 days) and the last
time point (30 days) displayed the same median size and similar inter-
quartile ranges.

3.2. Benthic organisms MP accumulation

The entity and the dynamics of MP bioaccumulation in the tested
organisms were measured by the normalization to items per individual
in order to compare the organisms with highly variable sizes, weights
and feeding habits.

After 3 days of MP exposure, the filter feeder M. galloprovincialis
displayed the highest MP accumulation (19 + 17 item individual™')
whereas a maximum accumulation of 5.8 + 4.0 item individual ! was
recorded for all other organisms (Fig. 2a). Unlikely, very small amounts
of externally adherent MP were recorded on all organisms in comparison
with internally accumulated ones. The mussels (M. galloprovincialis)
occupying the water column were the first organisms interacting with
sinking particles. Although the average MP contamination in the mussel
was high, MP (especially low-density ones) were rapidly expelled as
early as one week (Fig. 2b) and remained within 5.2 + 8.9 item indi-
vidual ! without significant changes in size (median size 11 pm —
Table.1) up to 30 days. The second filter feeder used in the experiment,
the infaunal clam C. gallina, in spite of the similar MP size and
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Fig. 3. Relative size frequencies of microplastics in (A) U. rigida, (B) sediment,
(C) M. galloprovincialis, (D) T. nitida, (E) C. gallina, (F) H. trunculus, (G)
P. serratus, (H) P. cinerea. The size is represented by the Feret diameter of the
particles. Red: PP; green: PER. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Rose graph of microplastic content per individual (item individual ') at 3 days (A) 7 days (B) 14 days (C) and 30 days (D) in P. cinerea, M. galloprovincialis
(M. gallop.), C. gallina, P. serratus, T. nitida and H. trunculus (H. trunc.). Side histograms represent the respective microplastic contamination in macroalgae (U. rigida)
and sediment (Sed.) as item g~ dw to track changes in the environmental microplastic contamination over time. Average standard deviation of total MP content
(PER + PP) between aquariums was in: M. galloprovincialis 9 item individual*, C. gallina 1 item individual !, P. serratus 10 item individual ', T. nitida 3 item
individual !, H. trunculus 7 item individual !, P. cinerea 1 item individual }, U. rigida 26 item g’l, sediment 25 item g’l. Green (PER-polyester resin); Red (PP-
polypropylene); Blue (external loosely associated microplastics PP + PER). The reported values for PER and PP are the mean of 3 replicates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Median size (pm — measured as Feret diameter of the particles) and inter-
quartile range at 72 h and at 1-2-4 weeks in all organisms and in the sediment.
Legend: nd — not determined; Global — median value of all time points.

Sample 3 days 7 days 14 days 30 days Global
pm
Sediment 21(23) 15 (18)*7%" 18 (16) 21 (25) 18 (20)
U. rigida 33(60) 29 (47) 35(64) 74 (66)" 41 (66)
M. galloprovincialis 13 (9) 23 (9) 9(12) 9 (4w 11 (12)
C. gallina 0 (nd) 19 (6) 9 (10) 14 (5) 11 (10)
P. serrarus 39 (21) 36 (13) 29 (22) 28 (9) 30 (14)
T. nitida 26 (15) 35(13) 25(12) 28 (8) 27 (12)
H. trunculus 44 (56) 38 (29) 30 (43) 44 (51) 39 (48)
P. cinerea 29 (10) 20 (4) 21 (nd) 27 (19) 26 (10)

* Wilcoxon rank sum test significant difference over time for p < 0.05.

distribution frequencies to M. galloprovincialis (Fig. 3c and e), showed a
disparate bioaccumulation behaviour over time. MP content was the
lowest in C. gallina (<1.4 + 0.4 item individual ) for the first two
weeks and the peak accumulation was recorded at 30 days with 4.2 +
2.5 item individual™!. This suggested a much slower accumulation
process of MP in C. gallina and probably a greater selectivity for MP
during feeding. Despite that, the final accumulation after 30 days for
both filter feeders were quite similar in terms of MP accumulation. The
sea anemone P. cinerea thrived in the water column, especially attached
to macroalgae and mussels. These organisms were expected to be highly
contaminated by MP, in proportion to the high concentrations accu-
mulated by the substrate organisms (i.e., U. rigida/M. galloprovincialis).
Indeed, a significant correlation (Spearman correlation R? = 0.90, p <
0.05; Table S1) was calculated between the MP content in P. cinerea and
that in M. galloprovincialis. However, the average MP accumulation of
P. cinerea was the lowest with a peak at 3 days of 1.5 + 1.3 item indi-
vidual ! (Fig. 2) for a median particle size of 26 pm. This deposit feeder
accumulated mainly PER and traces of PP (appeared only after 7 days).

The shrimp (P. serratus) displayed the highest MP accumulation (avg.
17 + 11 item individual 1) with the lowest values recorded after 3 days
(5.8 + 4.0 item individual ) and the highest after 14 days (32 + 16
item individual ~1). The median particles size decreased over time from
39 pm to 28 pm indicating a progressive loss of larger MP in favour of the
retention of smaller ones; moreover, no preference was recorded
regarding polymer type.

The shrimps moved only occasionally in the water column or on
macroalgae and spent most of the time grazing on surface sediments.
This epibenthic position and the omnivore diet could produce a niche
overlap which may explain the correlation found between the MP con-
tent in P. serratus and H. trunculus (Spearman correlation R? = 0.90, p <
0.05; Table S1). Interestingly, even though H. trunculus accumulation
patterns mirrored those of P. serratus, the size distribution of the accu-
mulated particles was very different (Fig. 3f, g). H. trunculus selectively
accumulated high-density PER (90 % of the particles) with a median
particle size of 39 pm and the accumulated particles were spread over a
much wider dimensional range than all other animals. The gastropod
H. trunculus, after the T. nitida, showed the highest concentrations of
external adhering MP, especially after 14 days. Surprisingly, the mud
snail T. nitida showed a constant MP concentration (average 4 + 0.8
item individual™!) with a marked preference for PP and an average
concentration of external adhering particles at 7 and 30 days which was
4 times higher than the internally accumulated MP. Overall, the mean
MP accumulation into the organisms was 7.4 + 6.5 item individual ~*.
The MP accumulated internally reduced as counts but not as size and
persisted into the organisms up to 1 month with 6.2 item individual ~*. If
we consider only the average accumulated particles (excluding those
attached externally) at all sampling times, P. serratus and H. trunculus
displayed the highest accumulation (13-17 item individual™),
conversely P. cinerea and C. gallina displayed the lowest one (0.9-1.5
item individual ). Surprisingly the external adhering MP were a
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minority fraction of the total, ranging averagely (as all organisms) be-
tween 11 % and 35 % of the total MP from 3 to 30 days with few ex-
ceptions as previously stated for H. trunculus and T. nitida.

3.3. Target tissue accumulation

The second experiment was carried out in order to verify the fate of
ingested MP inside the benthic organisms. The experiment took place
under the same conditions of the first one and terminated after 14 days
[the point of highest average MP accumulation for many organisms
recorded from the first set of experiments]. Regarding the separated
organs from the animals, the hepatopancreas was distinguishable only in
H. trunculus; gonads were not distinguishable in P. cinerea and P. serratus
and no gills exist in P. cinerea. In particular, the MP with more transitory
nature are those into the gut as they can be expelled when they are not
absorbed into the walls of the intestinal lumen. Indeed, considerable
fractions of MP were accumulated into the gut of P. cinerea, P. serratus
and M. galloprovincialis and these exceeded 50 % of the total accumu-
lated MP (Fig. 4).

Moreover, important fractions of the accumulated MP (36-69 %)
were found strongly attached to the gills of filter feeders
(M. galloprovincialis, C. gallina). In “other tissues” MP were identified
from all the organisms in the range from 8 % to 68 % of the total MP
(Fig. 4). Among all samples with distinguishable gonad, the highest
gonad MP accumulations were recorded in T. nitida and H. trunculus (23
% and 55 % of the total accumulated MP, respectively).

Generally, by considering only the MP accumulated in internal or-
gans and tissues (i.e., ZMP in gonad-other tissues-hepatopancreas,),
filter feeders displayed the lowest percentages of bioaccumulated MP
ranging 14-19 % of the total accumulated MP. Whereas H. trunculus and
T. nitida displayed the highest percentages of accumulated MP in in-
ternal tissues from 79 to 91 % of the total MP. This suggest that that a
significant fraction of MP was actually accumulated and it was not
transient in the digestive tract of the organisms.

3.4. Energy storage and dynamics

In order to estimate gains or losses in terms of energy (i.e., identify
metabolic disruptions at 14 days) the organisms utilized in the second
experiment were analyzed for protein, carbohydrates and lipids and the
respective composition was converted to energy. Among the organisms
exposed to MP, the organisms living in the water column (P. cinerea and
M. galloprovincialis) displayed positive energy gains in a ratio with
control (Table 2). These organisms were not negatively affected by
exposure to MP. In fact, MP exposure seemed to induce a slight energy
gain. The shrimp P. serratus showed no changes in energy content and
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Fig. 4. Microplastics relative abundance for P. cinerea, P. serratus, C. gallina,
M. galloprovincialis, H. trunculus and T. nitida in different organ tissues (hepa-
topancreas, gonad, gut, gills and other tissues) at 14 days.
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Table 2
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Biochemical composition of the organisms at 14 days in control and exposed conditions. The data were converted in J g~! dw and expressed as biochemical energy
gain/loss (ratio + MP:Ctrl) in presence of MP as estimate of the organism wellbeing.

%dw P. cinerea C. gallina P. serratus H. trunculus M. galloprovincialis T. nitida
Ctrl +MP Ctrl +MP Ctrl +MP Ctrl +MP Ctrl +MP Ctrl +MP
Carbohydrates 3.9 5.2 15 15 2.6 2.4 10 5.7 7.7 9.4 9.0 8.8
+sd 0.2 0.3 0.2 0.4 0.2 0.2 0.3 0.3 0.3 0.5 0.6 0.4
Lipids 9.0 10 6.2 6.6 5 5.58 8.3 5.7 5.1 7.3 5.5 9.3
+sd 0.6 0.0 1.5 0.3 0.3 0.22 2.0 0.2 0.1 0.4 0.3 1.0
Proteins 31 31 33 30 38 36 39 34 34 35 43 33
+sd 0.0 0.1 0.3 0.3 0.2 0.4 0.1 0.6 0.6 0.0 0.3 0.4
kJ g71 dw 9.2 9.8 10.3 9.9 8.7 8.7 11.3 8.8 8.9 10.1 10.8 10.4
+sd 0.3 0.1 0.6 0.2 0.2 0.2 0.8 0.2 0.2 0.2 0.3 0.5
P. cinerea C. gallina P. serratus H. trunculus M. galloprovincialis T. nitida
Energy ratio 5.8% —4.3 % —-0.7 % -21% 13 % —-3.5%

was apparently unaffected by MP exposure. In contrast, the organisms
C. gallina, T. nitida and H. trunculus (most closely associated with the
sediments) displayed an energy loss with a peak in H. trunculus (—21 %
in comparison with control). No significant statistical correlations were
found between the total content of accumulated MP and energy allo-
cation. However, considering only MP accumulated in internal organs
and tissues (i.e., ZMP in gonad-other tissues-hepatopancreas), a signif-
icant inverse correlation emerged between accumulated MP in all the
organisms and the allocated energy (Adjusted R? = 0.63; p = 0.036;
regression details are provided in supplementary material). In accor-
dance with these results, non-externalizable MP have a more transitory
nature and are expected to produce fewer effects over time.

4. Discussion

Microplastics are pervasive contaminants, detected across many
environments including the atmosphere, mountain lakes, freshwater
bodies, terrestrial lands, deep oceans, and polar regions (Munari et al.,
2017; Fang et al., 2018; Free et al., 2014; Gasperi et al., 2015; Horton
et al., 2017; Van Cauwenberghe et al., 2013). Small MP often resemble
small food particles and interact with organisms often leading to
ingestion by a wide array of aquatic fauna (Wang et al., 2019) and recent
field studies focusing on invertebrate benthic trophic chains suggested
that biomagnification and accumulation of MP are unlikely to occur
toward predators (Bour et al., 2018; Setala et al., 2016; Sfriso et al.,
2020), conversely, filter feeders and grazers, at the lowest trophic levels,
exhibited the highest concentrations of MP per individual. The marine
benthic invertebrates that populate the coastal waters are potentially
strongly exposed to contamination by MP especially in areas with high
water residence time which is the case for the site of origin of the or-
ganisms tested in this study: the Venice lagoon, which display adjacent
tributary rivers, elevate plastic debris flows (Liubartseva et al., 2016)
and residence times on the seaward side of the lagoon ranging 20-40
days (Sfriso et al., 2021). Taking into consideration the contamination
reported for the Venice lagoon, near the collection point of the studied
organisms, high concentrations of small microplastics (S-MP) were re-
ported in water (Corami et al., 2021) in the range 4900-16,800 items
L~! for an estimated mass of approx. 45-83 ug L™L. The concentrations
reported by the authors for the sediments were between 170,000 and
200,000 items kg ™! fw for an estimated mass of approx. 81-490 pg kg !
fw. These concentrations are comparable in terms of mass with the
amount of MP implemented in this study (250 pg L™). Moreover, the
amount of contamination of the sediments recorded for field samples by
Corami et al. (2021) exceeded by 3 times the maximum quantity of MP
recorded in the aquarium sediments (60,000 items kg’l). Therefore, the
data obtained under the experimental conditions should represent
credible small MP accumulation patterns in highly contaminated

environments. The results highlight how MP are especially represented
in the smaller dimensional range under 30-50 pm, whose identification
is often very demanding and commonly neglected (Setala et al., 2016).

The experiment displayed a preferential accumulation in terms of
low-density MP (PP) on macroalgae probably due to the longer sinking
time and retention in the water column in comparison with high density
MP (PER), which quickly sank when introduced into the aquariums. The
mucopolysaccharides present onto the macroalga U. rigida work as a
glue capturing MP from the water column (Sfriso et al., 2021), as low
density particles stay longer in the water phase it is reasonable to assume
more low density particles should stick to macroalgae. In the coastal
areas where high-density polymers (Rayon, Nylon, PET, polyester)
represent significant fractions of the contamination, this behaviour not
always seem to reflect in the polymer composition of MP from macro-
algae (Feng et al., 2020; Zhang et al., 2022). Interestingly, it must be
emphasized that the vast majority of the recorded high-density polymers
(from field samples) often correspond to fibres which were not consid-
ered in this experiment. Additionally, fibres are reported to more easily
entangle on the laminar or tubular mucilaginous structures of the
macroalgae in comparison with fragments (Ng et al., 2022).

In the reconstructed microcosm environment all invertebrates
accumulated MP but surprisingly the actinia P. cinerea generally proved
to be extremely effective in maintaining low levels of MP accumulation
at all time periods. This selectivity could be confirmed by the MP
accumulation recorded for the anemones from the Spain coast (Janssens
and Garcia-Vazquez, 2021) which in a comparison with the gastropods
Phorcus lineatus and Steromphala umbilicaris presented always markedly
lower concentrations. This low MP accumulation found in anemones
was justified by Janssens and Garcia-Vazquez (2021) as a consequence
of the feeding strategy bound to the catch of food particles with tentacles
before ingestion, a selective process in which organisms are able to
effectively discriminate food from inert debris. Accordingly, the lowest
accumulation was also recorded for the anemones in a study on the
benthic communities of Terra Nova Bay (Sfriso et al., 2020). This seems
to reflect in the energy ratio of P. cinerea, slightly positive, showing not
to be negatively affected by MP contamination. The heavily contami-
nated shrimp P. serratus seemed almost unaffected by accumulated
particles. Conversely the infaunal clam C. gallina (always displaying low
MP accumulation) and the sea snail H. trunculus displayed an energy loss
when exposed to MP. Even considering only the two filter feeders used in
the experiment in a comparison, C. gallina and M. galloprovincialis
accumulated both similar small high density MP in the size range re-
ported by Defossez and Hawkins (1997) for the feeding habits of
M. edulis and Ruditapes spp. (7.5-15 pm). However the mussel was not
affected by the introduction of MP, it displayed an energy gain instead at
14 days. Though mussels are usually recognized as sensitive biological
indicators of pollution in monitoring programs (Viarengo and Canesi,
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1991) no negative effects on their energy status were recorded. Wright
et al. (2013) detected a significant decrease in the energy budget of
lugworms exposed to uPVC (unplasticized polyvinylchloride) MP, and
similar results were recorded by Ribeiro et al. (2017) with the depletion
of energy reserves in the clam Scrobicularia plana exposed to polystyrene
MP at 1 mg L™1. However, no adverse effects of MP were recorded for
mussels both by Van Cauwenberghe et al. (2015) and Revel et al. (2019)
confirming our results and pointing out how the effects of MP were
probably species-specific.

The expected trophic relationships between organisms do not appear
to be reflected in the accumulation patterns. No relationships have been
experimentally detected between macroalgae and P. serratus, that usu-
ally graze on U. rigida, nor between H. trunculus and the prey
M. galloprovincialis. This seems to be in agreement with the observations
of Bour et al. (2018) on the occurrence of MPs in analyzed biota, not
influenced by organism habitat nor trophic level. The only significant
relationships found in MP accumulation patterns in our tests were be-
tween H. trunculus and P. serratus and between P. cinerea and
M. galloprovincialis, however these accumulation patterns over time did
not match for type and size of accumulated MP. The authors Bour et al.
(2018) and Porter et al. (2023) reported a lack of relationship between
individual MP body burden and: environmental position within the
sediment (demersal, epifaunal and infaunal); feeding mode; mobility,
habit or organism weight. This may be the case for the accumulation
relationship found between H. trunculus and P. serratus which both
predominantly played the role of deposit-feeders on surface sediments
and the overlap of niche and feeding strategies may have influenced the
similar accumulation trends in these organisms. However, it does not
explain the relationship found between P. cinerea and M. galloprovincialis
which instead seemed linked to positioning in the aquarium and
certainly not to the feeding mode since part of the anemones were
positioned on the mussels. Feeding mode alone is not a sufficient
parameter to infer on MP accumulation as in our results organisms with
similar feeding strategies have not always shown the same accumulation
pattern of MP over time. The authors (Bour et al., 2018; Porter et al.,
2023) suggested that more subtle processes may be involved in defining
MP body burden such as: food availability and biofilm formation. The
possibility cannot be ruled out that food availability during laboratory
exposure experiments could introduce confounding factors by impacting
on the physiological condition of the tested organisms (Chae and An,
2020) or promoting formation of hetero-aggregations of MP and organic
material (Li et al., 2021) that settle on the bottom foraging epibenthic
organisms. Additionally, Gutow et al. (2019) described the role of
gastropod pedal mucus as a vector for the transfer of MP to other or-
ganisms that forage on it, potentially influencing MP accumulation in
shrimps.

From the results, despite the differences in composition and size of
the MP accumulated in the different species, it is clear how the organ-
isms closely associated with the sediment suffered a reduction of the
energy at two weeks, (C. gallina, H. trunculus and T. nitida), conversely
the organisms in the water column (P. cinerea, P. serratus,
M. galloprovincialis) were weakly or positively affected. The investiga-
tion into the distribution of MP between different tissues reveals how
organisms in the water column showed on average a higher MP content
in the gut. This fraction is mostly considered transitory. In depuration
experiments carried out by Saborowski et al. (2019) and Chae and An
(2020) on the Atlantic ditch shrimp Palaemon varians and the mussel
M. galloprovincialis, clearance of the gut was recorded already at 24 h
suggesting that MP in shrimp and mussels are probably more transient
and reflect a short-term contamination. As regards the clam C. gallina
(and to a lesser extent M. galloprovincialis), however, a high accumula-
tion of MP was found to be associated with the gills, as reported for the
wedge clam Donax trunculus for which the gills were reported as the
main target for MP accumulation (Tlili et al., 2020). Small MP can enter
the body not only from ingestion but also through the body surface
(Kolandhasamy et al., 2018), especially gills for which internalization
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was recorded in mussels (Ikuta et al., 2022). Previous reports high-
lighted MP translocation from the gut to the hemolymph in Carcinus
maenas and in Mytilus edulis (Browne et al., 2008; Farrell and Nelson,
2013) or the adsorption from external tissues (Kolandhasamy et al.,
2018) reaching the internal organs. In addition to this, a study carried
out on M. galloprovincialis reported MP accumulation reaching the
gonadial tissue (Von Hellfeld et al., 2022). Both filter feeders showed a
slight contamination at the level of the gonads, but the organisms that
showed the highest levels of accumulation in the gonads were the gas-
tropods H. trunculus and T. nitida. There is little evidence in the literature
to make comparisons, however it is reasonable to assume that with the
spawning of the gametes part of the MP accumulated at the level of the
gonads can be expelled. This consideration (still lacking in evidence)
however implies the fact that outside of the reproductive period the
accumulated MP at the level of the gonads remain within the organism
and are therefore less transitory in comparison with the gut; further-
more, the role that these may have on gastropods at the reproductive
level is not known yet.

Ultimately, we evaluated the goodness of the tested organisms as
biomonitors for the accumulation of MP. Ideal biomonitors for synthetic
contaminants should be: 1) sedentary, 2) easy to identify, 3) abundant,
4) long lived, 5) available for sampling all year round, 6) large enough to
provide enough sample for analysis, 7) tolerant to a wide range of
physico-chemical parameters, and 8) accumulators for the contaminant
with a simple correlation between the tissue content and the sur-
rounding environment (Storelli et al., 2001). In compliance with these
parameters, the macroalga U. rigida and the gastropods H. trunculus and
T. nitida represent the best organisms to be considered as biomonitors.
Indeed, the proposal to use gastropods as biomonitors for MP contami-
nation is not new, in fact it had already been advanced by some authors
(Akindele et al., 2019; Curren et al., 2024; Zaki et al., 2021). Similarly,
we already suggested the use of macroalgae as candidate biomonitors
for MP in transitional water systems (Sfriso et al., 2021) and a similar
proposal was put forward by Feng et al. (2020). However, according to
the parameters already mentioned by Storelli et al. (2001) it would be
necessary to add especially in the case of MP that: “the organism should
not present any preferential accumulation in terms of 9) size of MP or
10) MP polymer type”. Under these circumstances, in fact, only U. rigida
and H. trunculus showed a homogeneous distribution for all the dimen-
sional ranges. We therefore suggest a combined use of macroalgae and
gastropods since they should behave as complementary biomonitors in
coastal areas.

5. Conclusions

In conclusion, this study sheds light on the concerning issue of MP
contamination and its accumulation dynamics within benthic in-
vertebrates. The results indicate that, high percentages of MP were
accumulated in the internal tissues of the studied organisms and
impacted more significantly on infaunal species, confirming that benthic
species are especially at risk of deleterious effect by MP. The assessment
of the energy balance of various benthic species after two weeks of MP
exposure revealed different impacts on their well-being. Organisms
inhabiting the water column exhibited positive energy gains compared
to the control group, while those closely associated with sediments
experienced energy loss, with the highest loss observed in H. trunculus.
Collectively, these findings underscore the greater susceptibility of
infaunal benthic communities to MP contamination.

High-density MP, represented by polyester resin, tended to be pref-
erentially accumulated in several species, while low-density MP, rep-
resented by polypropylene, accumulated externally mainly on the
macroalga U. rigida. Different species of benthic invertebrates exhibited
species-specific preferences for MP size ranges and polymer types, with
varying accumulation behaviours, including ingestion (as function of
the feeding strategies), adhesion, or avoidance. Over the course of one
month, MP accumulation within the organisms showed a decrease in
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counts but not in particle size. Notably, a significant portion of MP was
found to accumulate internally, with 11 to 35 % of MP adhering exter-
nally to the organisms. The study also identified specific organs, such as
the gut, gills, and gonads, where MP accumulation occurred, indicating
potential pathways for MP transfer within these species. Definitely, this
microcosm study portrays only a small, simplified window of the
complexity of coastal ecosystems. To date, no comprehensive studies
evaluate the whole ecological quality in response to MP contamination
and future efforts should be directed to fill this critical knowledge gap.

The supporting information provide additional material on the sta-
tistical analyses performed and some images of the microplastics iden-
tified by epifluorescence microscopy. Supplementary data to this article
can be found online at https://doi.org/10.1016/j.marpolbul.20
24.116231.
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