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ARTICLE INFO ABSTRACT

Keywords: Antarctica is increasingly impacted by anthropogenic pollutants, including microplastics (MPs) and associated
Microplastics plastic additives. This study presents the first integrated assessment of microfibres (MFs) and plasticizers in the
Plastic additives Antarctic scallop Adamussium colbecki, a key benthic species in the Ross Sea. A total of 54 MFs were isolated from
Phthalates 12 samples, with an average of 4.5 + 2.7 MFs/individual, higher than previously reported for bivalves in the
Organophosphates

region. Characterized MFs were natural (cotton, wool, cellulose), semi-synthetic, or polyethylene terephthalate
(PET), showing strong similarities with textiles used by personnel at the nearby scientific research station. Tissue-
specific differences suggest distinct exposure pathways, particularly via filtration in scallop's gills and accumu-
lation in the mantle. Co-occurrence of plastic additives like phthalates (e.g., DEHP, DiBP/DnBP), organophos-
phate esters (e.g., TPHP) and non-phthalate plasticizers (e.g., DEHA), was confirmed in both scallops and
outdoor technical clothing, reinforcing the hypothesis that textile-derived MFs act as chemical vectors. Notably,
several additive concentrations in A.colbecki exceeded levels reported for bivalves in other global regions,
indicating a potential combination of local and long-range sources of contamination. These findings highlight the
susceptibility of Antarctic coastal ecosystems to emerging contaminants coming from both local sources and
long-range transport and underscore the urgent need for improved wastewater management practices and
mitigation strategies within polar research infrastructures.

Southern Ocean
Adamussium colbecki
Ross Sea Marine Protected Area

1. Introduction (Bastmeijer et al., 2023). Plastic debris has been observed in Antarctic

waters since the 1980s (Barrows et al., 2018) and microplastics (MPs)

Antarctica, long considered a symbol of pristine wilderness, is
increasingly affected by human activity and pollution, including plas-
tics. Contaminants released at lower latitudes reach the continent via
long-range atmospheric transport and ocean currents (Lacerda et al.,
2019; Xie et al., 2022; Cunningham et al., 2022; Da Silva et al., 2023).
Additionally, local anthropogenic sources of pollution are increasing.
Tourism, fisheries and the increasing number of scientific stations all
contribute to the introduction of disturbances, including pollution
(Caruso et al., 2024; Da Silva et al., 2023; Balakrishna et al., 2023). In
the 2022-2023 season, more than 104,000 tourists visited Antarctica,
representing a 40% increase compared to the 2019-2020 season
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are now detected even in remote regions like East Antarctica and the
Ross Sea (Convey et al., 2002; Barnes et al., 2010; Do Sul et al., 2011;
Waller et al., 2017; Cincinelli et al., 2017; Reed et al., 2018; Cunning-
ham et al., 2020; Kelly et al., 2020; Alurralde et al., 2022; Rota et al.,
2022). The urgent issue of plastic contamination in Antarctica has been
further underscored by the latest Resolution, "Towards ending plastic
pollution in the Antarctic Treaty area," which was adopted on July 3,
2025, by the ATCM (Resolution 5 (2025)-ATCM 47, CEP 27, Milan).
The exact pathways through which MPs enter the region, whether
via surface and sub-surface ocean currents or atmospheric transport
across the Antarctic Circumpolar Current, remain uncertain (Bergmann
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et al., 2019; Lacerda et al., 2019; Marsh and van Sebille, 2021; Alurralde
et al., 2022). Point sources of plastic pollution have been identified in
terrestrial and marine environments near scientific base stations, with
the highest concentrations observed in the Western Peninsula and the
Ross Sea (Waller et al., 2017; Reed et al., 2018; Bergami et al., 2020Db).
Microfibers (MFs) are a major category of MPs, often representing about
half of those found in air, sediments and waters (Koelmans et al., 2019).
Millions of tonnes are released annually into aquatic environments,
mainly from textile production and domestic laundry (Napper and
Thompson, 2016; Carney Almroth et al., 2018). To enhance their per-
formance, textiles are often treated with various additives, including
plasticizers, flame retardants, heavy metals, organophosphate esters
(OPEs), and bisphenols (Licina et al., 2019; Chen et al., 2022). These
additives can leach from the fibers during washing, abrasion, or envi-
ronmental transport, making MFs not only physical pollutants but also
vectors of chemical contaminants (Hahladakis et al., 2018). In remote
environments like Antarctica, scientific stations and maritime traffic,
including research and tourist vessels, have been identified as notable
sources of MFs pollution in surrounding marine ecosystems (Barnes
et al., 2010; Reed et al., 2018; Alurralde et al., 2022). MFs have been
identified in almost all abiotic matrices of the Antarctic marine envi-
ronment such as sediments from Fildes Bay (Perfetti-Bolano et al.,
2022), sea ice cores sampled in the Weddell Sea (Cunningham et al.,
2022) and surface waters from various locations in the Southern Ocean
(Cincinelli et al., 2017). This contamination does not exclude marine
biota. Bottari et al. (2022) found 37 anthropogenic microparticles (95%
MFs) in six emerald rockcod Trematomus bernacchii from Terra Nova
Bay, Ross Sea. In spiny plunderfish Harpagifer antarcticus from King
George Island, 89% of gastrointestinal tracts contained MFs (Ergas et al.,
2023). MFs were also detected in Gentoo penguin scats from Bird and
Signy Islands, indicating their spread through the food web (Bessa et al.,
2019). Additional records include Antarctic krill (Wilkie Johnston et al.,
2023; Zhu et al., 2023; Lv et al., 2024; Simmons et al., 2025), sponges
(Corti et al., 2023; Simmons et al., 2025), gastropods (Bergami et al.,
2022; Sfriso et al., 2020) and bivalves (Gonzalez-Aravena et al., 2024;
Gonzalez-Pineda et al., 2024). MFs account for less than 80% in krill and
sponges, while bivalves exhibit an amount of MFs higher than 90%.
Compared to the other classes, bivalves have shown the highest MPs
content per individual on average in invertebrates from the Ross Sea (1.9
items/individual across several species, Sfriso et al., 2020). Despite its
geographic isolation and protection within the world's largest Marine
Protected Area (MPA), several studies addressed MPs pollution in the
Ross Sea finding occurrence in all environmental compartments
including biota. Still a significant knowledge gap remains regarding MFs
in benthic marine species, which may be more exposed to MFs, associ-
ated plastic additives, and other anthropogenic contaminants. There-
fore, it's important to further assess the status of emerging pollution in
the Ross Sea region as an MPA. In this framework, A. colbecki represent a
key benthic species in Antarctic marine food webs. This scallop plays a
central role in the benthic ecosystem, forming dense shell beds that
provide habitat for a wide range of associated organisms (Schiaparelli
and Aliani, 2019). As a filter-feeder and prey for Antarctic fishes, it
occupies an important position in the trophic chain, acting both as a
primary consumer and a prey for higher trophic level. A. colbecki is
already recognized as a valuable sentinel species and bioindicator for
climate change and chemical pollution, including plastics (Regoli et al.,
2002; Magi et al., 2004; Grotti et al., 2016). For these reasons, this study
investigates, for the first time, the occurrence of MFs along with plastic
additives, such as OPEs, phthalates (PAEs), and alternative
non-phthalate plasticizers (NPPs), in the soft tissues of the Antarctic
scallop Adamussium colbecki, collected from the coastal waters of the
Ross Sea. Furthermore, to investigate potential local sources of
contamination, textiles polymeric composition and plastic additive
content were also measured in outdoor technical clothing supplied to
researchers and logistics personnel at the scientific station “Mario Zuc-
chelli” (MZS) in the Ross Sea.
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2. Materials and methods

2.1. Sampling

Adult specimens of A.colbecki were collected using a nylon-based
bottom trawl at 150 m depth in the Gerlache Inlet at Terra Nova Bay
(74° 38 '03"S 164° 01’ 43"E), near MZS (Fig. 1). The number of speci-
mens collected followed the recommendations of the Commission for
the Conservation of Antarctic Marine Living Resources (CCAMLR) in
terms of ethical and sustainable issues, particularly Article II, which
states that scientific research should be conducted in a manner that
preserves ecological relationships and minimizes impacts on Antarctic
marine living resources (CCAMLR Conservation Measures, 2016).

In order to minimize disturbance to benthic communities, and spe-
cifically for this species which is abundant in the seabed ecosystems, the
number of specimens collected was intentionally limited. Despite the
small size, the sample remained representative of the study area. Similar
studies conducted in the same region have utilized comparable or even
smaller sample sizes, in accordance with the critical requirements of
sampling within a MPA (Sfriso et al., 2020; Bottari et al., 2022). Sam-
pling was conducted during two Italian Antarctic expeditions in the
austral summers of December 2004 to January 2005 and December
2019 to January 2020. Following sorting and taxonomic identification,
specimens with intact shells were placed in sealed sterile plastic bags
and stored at — 80 °C for shipping to Italy and kept at the same tem-
perature until analyses.

2.2. MFs analysis

MFs isolation, characterization, and quantification in A.colbecki (n =
12) were carried out following the protocol established in our previous
study on the Antarctic whelk Neobuccinum eatoni (Bergami et al., 2023).
Six scallops collected during the 2004 and six during 2019 expedition
were processed using a thermo-oxidative digestion method. Of 12 scal-
lops, three were used to assess digestion efficiency and three to evaluate
recovery rates. Details on morphometric data are described in Sup-
porting information (Tables S1-S2). After shell removal, whole body of
each scallop were rinsed with ultrapure Milli-Q water and the mantle
and gills dissected, transferred into a 500 mL glass flask containing 200
mL of 30% hydrogen peroxide (H0O,) solution for tissue digestion.
Samples were incubated at 60 °C for 24 h with gentle agitation.
Following digestion, saturated NaCl solution (250 mL, density = 1.2 g
em™) was added, shaken, and left to settle overnight. The solution was
then filtered using a vacuum glass filtration apparatus (Supelco® 58061)
equipped with Whatman filter papers (Grade 41, pore size 20 pm,
diameter 47 mm). Each filter was first examined under a stereomicro-
scope to screen the entire surface, followed by detailed observation
under an optical microscope (Olympus BX51 with DP50 camera) for
microplastic identification and quantification. MFs were counted,
imaged, and classified based on their shape and color following the
method described by Germanov et al. (2018) in the BASEMAN final
report. MFs size was then measured using ImageJ software (https://i
magej.nih.gov/ij/). The description of polymeric characterization
using p-Raman and ATR-FTIR spectroscopy of Antarctic equipment and
MFs isolated from samples is reported in Supporting informations
(paragraph 1.3).

2.3. QA/QC procedures

Airborne contamination during sampling and transport was limited
as scallops with intact shells were chosen for the analysis and immedi-
ately stored at — 80 °C in sealed sterile plastic bags. To prevent
contamination during MFs isolation and quantification from scallops
soft tissues, QA/QC procedures were adopted following guidelines from
previous studies (Li et al., 2015; Brate et al., 2018; von Friesen et al.,
2019; Dawson et al., 2020; Cho et al., 2021). MFs extraction was carried
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Fig. 1. Sampling site location (Gerlache Inlet 74° 38 '03"S 164° 01’ 43"E) of A.colbecki.

out under a chemical fume hood, in a closed and clean environment,
with limited access to a few operators only wearing a white lab coat
(100% cotton) and latex gloves. Before and after analysis, all work
surfaces were cleaned with ethanol and laboratory paper towels. All the
solutions (Milli-Q water, HO2, NaCl) were filtered at 0.2 pm (Whatman
cellulose nitrate membrane filters, diameter of 47 mm) using a vacuum
glass filtration apparatus kit before use. For the analysis, only glassware
or metal containers (i.e., flasks, beakers, petri dishes, filtration appa-
ratus) were used and washed in filtered Milli-Q water before use. To
establish any procedural contamination, analytical blanks were pro-
cessed for each biological sample (24 blanks for 12 samples). Laboratory
blanks were essential to normalize the number of MFs extracted from the
scallops. Normalization was performed by subtracting from each sample
the MFs detected in procedural blanks with matching shape, color, and
polymer composition, ensuring a highly conservative estimate of MF
content in Antarctic scallops. The extraction method was validated by
assessing the digestion efficiency (%) and the recovery rate (%) of red
polyethylene terephthalate (PET) microfibers (von Friesen et al., 2019;
Dawson et al., 2020). MFs limits of detection (LOD) and quantification
(LOQ) were calculated based on Brate et al. (2018) using 24 laboratory
blanks. QA/QC procedures are further described in the Supplementary
material (paragraph 1.3).

2.4. Plastic additives analysis

2.4.1. Standards and reagents

Nineteen OPEs, eleven PAEs, and four NPPs were analyzed in the
present study. Eighteen internal standards (IS) were used for quantifi-
cation. Details of the standards used are reported in the Supplementary
Materials (Tables S8-S9). Acetone and hexane were obtained from J.T.
Baker (Centre Valley, PA, USA). Methanol, LC-grade water, ammonium
acetate, and formic acid were purchased from Merck (Darmstadt, Ger-
many). Glass wool was provided by Panreac AppliChem (Barcelona,
Spain).

2.4.2. Sample preparation

Samples analyzed include six Antarctic scallops and six types of
textiles from outdoor technical clothing used by researchers and logis-
tics personnel at MZS (see Fig. S2 for textiles used to analyse plasticizers
and Table S5 for the polymeric characterization of all technical equip-
ment). The methodology applied for sample extraction and quantifica-
tion was already validated and fully described in Fernandéz-Arribas
et al. (2024). The whole body of Antarctic scallops (n = 6) was lyoph-
ilized for 24 h. After grinding the samples with a pestle, 1 g dry weight
(dw) was extracted by sonication using 15 mL of hexane:acetone (1:1)
for 15 min. The extraction was carried out twice and both extracts were
combined. Then, the extract was evaporated under a gentle nitrogen
stream to change the solvent, and it was reconstituted in 5 mL of hexane:
methanol (1:3). The solution was centrifuged for 5 min at 4000 rpm, 20
°C and an aliquot of 200 pL was collected for analysis and spiked with
10 ng of IS mixture. The aliquot was analyzed by turbulent flow chro-
matography - high-pressure liquid chromatography — tandem mass
spectrometry (TFC-HPLC-MS-MS), using the system Thermo Scientific
TurboFlow™ (Waltham, MA, USA). Lipid weight (Iw) was determined
gravimetrically from the remaining 4.8 mL of sample, after evaporating
the solvent using a nitrogen stream and drying the sample in an oven at
90 °C until a constant weight was reached. Clothes samples were first cut
into small equal pieces and weighed 1 g for each sample, which
included: winter suit (outer and inner parts), leggings, winter boots
(black and red parts) (Table S5, Fig. S2). After that, 50 ng of OPEs, PAEs
and NPPs labelled standards were added and extraction was carried out
by sonication for 15 min using hexane:acetone (1:1) until pieces of tissue
were covered. The extract was filtered using glass wool and then
transferred to another glass tube. Finally, the extract was evaporated
under a gentle nitrogen stream and reconstituted in 500 pL of MeOH for
subsequent analysis. Instrumental analyses are further described in
Supporting information (paragraph 2.1).

2.4.3. QA/QC procedures
All the quality parameters of the analytical method for plastic
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additives such as recoveries, LODs and LOQs have been previously
described in the manuscript of Fernandéz-Arribas et al. (2024). To assess
any potential background contamination during the plastic additives
analysis procedure blanks were included in each batch of samples. These
blanks account for any potential contamination from the extraction
methodology together with those from the instrumental analysis. The
blanks consisted of pre-cleaned cotton T-shirts (3 days of Soxhlet
extraction with ethyl acetate) for textile samples and pre-cleaned
hydromatrix (ultrasound extraction for 30 min with hexane: acetone
(1:1)) for biota samples. For those compounds that were detected in
blanks, if its area represented over 20% of the area of the corresponding
sample, this sample was considered “not detected”, as this concentration
could potentially come from the background. Otherwise, in all those
cases where the blank area was below this 20% threshold, the quanti-
fication of the sample was considered correct. The area of the com-
pounds that were detected in blanks was subtracted from the one of the
corresponding samples to correct any potential contamination that was
associated with the sample extraction and/or instrumental analysis.
Matrix spikes were used to support quantification and verify method
performance in the studied matrices.

2.5. Statistical analysis

MFs counts are expressed as mean + standard deviation (SD), as well
as the concentrations of plastic additives, reported as average + SD of
OPEs, PAEs, and NPPs for scallops and textile items (Table 1). Statistical
analyses were performed to compare the number of MFs between tissues
(mantle vs. gills) and sampling years (2004 vs. 2019). The normality of
data distribution was assessed using the Shapiro-Wilk test; since the
assumptions for parametric tests were not met, the non-parametric
Mann-Whitney U test was applied (Fig. 2). For plastic additives,
values falling outside the calibration curve (highlighted in red in
Table 1) were considered as semi-quantitative; however, they were
retained in the dataset and included in the calculation of average con-
centrations, as they were consistently detected across both biological
and textile matrices. Furthermore, a Spearman correlation test was used
to evaluate the relationship between common plasticizers found in
scallops and textile items. Prior to the analysis, data were logl0-
transformed when necessary to reduce the influence of extreme values
and high variability (e.g., among PAEs and NPPs), which could dispro-
portionately affect rank ordering. For all analyses, the significance level
was set at p < 0.05. Where applicable, Bonferroni correction was
employed to account for multiple comparisons. All statistical analyses
were performed using GraphPad Prism version 8.0.1.

3. Results
3.1. MFs isolation

The results of QA/QC procedures are reported in Supplementary
Material (Tables S3-S4).

After blank normalization, a total of 54 MFs were isolated in 12
Antarctic scallops, with an average of 4.50 + 2.74 MFs per individual;
33 MFs were isolated from the mantle and 21 from the gills. In scallops
collected in 2004, 19 MFs were found in the mantle and 11 in the gills
(with an average number respectively of 3.16 + 4.02 and 1.83 + 4.02),
whereas in those from 2019, respectively, 14 MFs in the mantle (average
2.33 £+ 2.07) and 10 in the gills (1.67 + 1.63 MFs) (Fig. 2). No statistical
difference was found after comparison between the average number of
MFs found in scallop's mantle and gills (Mann-Whitney U = 0, p-value =
0.33) and between years of sampling (Mann-Whitney U = 1, p-value =
0.66). The average length of MFs was 2.10 + 1.15 mm, with a median of
2.16 mm ranging from 0.13 to 4.17 mm. The main colors were respec-
tively black (41%) followed by blue (39%) and red (20%) (Figs. 3 and 4).
Between tissues, colors differ slightly with blue fibers predominating in
the mantle (52%), followed by black (30%) and red (18%). In the gills
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the most frequent color was black (57%), followed by red (24%) and
blue (19%).

p-FTIR and p-Raman analyses conducted on representative MFs,
selected by color and isolated from both gill and mantle tissues of
scallops sampled in both years, as well as from analytical blanks (n =
13), revealed a predominance of natural polymers such as cotton, wool,
and cellulose (46%). These were followed by semi-synthetic fibers
(39%) and polyethylene terephthalate (PET; 15%) (Fig. 4 and S1;
Table S6). Similarly, ATR-FTIR analysis of textile items from outdoor
technical clothing and equipment used in the field (n = 10) identified a
wide variety of polymers, including cellulose-based materials (7%) and
composites (46%), polyamide (PA 15%), and PET (23%) (Table S5). The
details of the polymer characterization are described in the Supporting
Informations (paragraph 1.3).

3.2. Plastic additives

Concentration levels of OPEs, PAEs, and NPPs are summarized in
Table 1 (ng/g ww and ng/g). Supplementary Table S10-S13 report in-
dividual scallop and textile sample concentrations.

In scallops, 13 OPEs were detected. RDP was the most abundant
(39%; 43.1 + 57.8 ng/g ww), followed by T2IPPP (15%; 16.8 + 22.9
ng/g ww), TEHP (14%; 45.5 ng/g ww), TPHP (12%; 6.76 + 3.6 ng/g
ww), THP (11%; 36.1 ng/g ww), B4IPPPP (3.1%; 3.42 + 4.34 ng/g ww),
4IPPDPP (2.4%; 2.04 + 3.15 ng/g ww), DCP (1.4%; 0.81 + 1.0 ng/g
ww), and 2IPPDPP (1.1%; 0.66 + 1.3 ng/g ww). TCEP, TPPO, TEP, and
TPrP contributed <0.5% (Fig. 5).

Among PAEs, DEHP dominated (84%; 265 + 122 ng/g ww), fol-
lowed by DiBP-DnBP (16%; 48.9 + 30.1 ng/g ww). For NPPs, DEHA
accounted for 99% of total, with one value out of the calibration curve
(highlighted in red) (Table 1). In textiles, 15 OPEs were detected. TBOEP
was most abundant (90%), followed by TCEP (7.88%) and TCIPP
(1.2%). The rest of the compounds accounted for a small percentage of
the total, since several concentrations, mainly in the bootstraps, fell
outside the calibration curve. Those results should be considered as
semiquantitative values and are potentially overestimated due to the
plateau effect of the calibration curve. Highest OPE levels were found in
Outer Leggings (PP-blended, 86.64 ng/g), Inner Leggings (17.61 pg/g),
Inner Jacket (PET, 14.63 pg/g), and Outer Jacket (PET-blended, 3.01
pg/g). Nine PAEs and three NPPs were found in textiles. DEHP domi-
nated (55%), followed by DiBP-DnBP (37%) and BBzP (5.3%). DEHA
represented 99.9% of NPPs. As observed for OPEs, the bootstraps
showed the highest levels of contamination, with 304.01 and 255 pg/g
tissue for PAEs, and 5287.56 and 3686.1 ng/g for NPPs, respectively
(Table S13). Outer Leggings also had high levels: PAEs 191.4 pg/g; NPPs
3381.1 pg/g. Jackets contained 973.4 and 877.7 pug/g NPPs.

Among OPEs, TPHP and 2IPPDPP exhibited the highest mean con-
centrations in textiles, whereas TEHP, TPHP, and 4IPPDPP were the
most abundant in scallops. For PAEs, DEHP was the dominant com-
pound in both scallops and textiles. DiBP-DnBP was also detected in both
matrices, while DCHP occurred at lower levels. Among NPPs, DEHA
displayed the highest concentrations in both textiles and scallops, and
ATBC was likewise detected in both matrices. To assess a potential
relationship between plasticizers found in both matrices, a Spearman
rank correlation analysis was performed. Due to the presence of several
high values (among PAEs and NPPs for example), a log10 transformation
of the data was applied. Indeed, the Spearman correlation increased
(Correlation coefficient (r) = 0.7862, confident interval (CI) = 95%, p-
value = 0.0023 (two-tailed) n = 13), indicating a stronger and more
robust positive association between variables.

4. Discussion
4.1. MFs

MFs occurrence has been reported in benthic marine fauna from the
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Table 1
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Average + SD of OPEs, PAEs and NPPs, expressed in ng/g ww for 6 scallops and ng/g textiles for 6 textile
items (the higher values in textile items and scallops are expressed in jig/g to improve clarity and facilitate
comparison). nd = not detected, red value = outside the calibration curve.

SCALLOPS (ng/g ww) TEXTILES (ng/g)
OPEs
Average * SD
TEP 0.06 + 0.02 8.04 +14.1
TCEP 0.29£0.29 37.51 £ 77.33 (ug/g)
TPPO 0.58 +0.80 3.73+3.69
TCIPP nd 5.72 £ 8.71 (ug/g)
TPrP nd 67.7 + 111
TDCIPP nd 20.1+£46.7
TPHP 6.76 + 3.62 692 + 870
TNBP nd 362 + 574
DCP 0.81+0.98 337 + 558
TBOEP nd 426.67 + 625.27 (ug/g)
2IPPDPP 0.66 +1.28 472 + 381
RDP 43.05+57.8 nd
4IPPDPP 2.04+3.15 28.03 +24.7
TCP nd 341 £ 474
EHDPP nd 3.31+5.6 (ug/g)
B4IPPPP 342+434 nd
T2IPPP 16.8 £22.9 nd
THP 36.2 nd
TEHP 45.5 399 + 346
PAEs
DMP nd 67.8+27.8
DEP nd 1.94 + 3.14 (ug/g)
DiBP-DnBP 48.9 +30.1 53.95 + 61.45 (ug/g)
BBzP nd 11.44 +9.02 (ug/g)
DnBP nd 853 + 513
DCHP nd 126 + 101
DEHP 265 + 122 79.74 £ 69.77 (ug/g)
DnOP nd 264.5 + 110
DiDP nd 1.02 £0.32
NPPs
ATBC 1.11+£0.90 262 + 325
DEHA 16.64 + 6.2 (ug/g) 2389 + 2022.8 (ug/g)
DINCH nd 69.02 + 52.1
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Ross Sea, yet data on bivalves remain scarce and no studies have
examined the potential co-occurrence of plasticizers linked to synthetic
textiles used in technical clothing of research station personnel. Textile
fibers represented the most abundant MPs category in surface waters
and sediments of the Ross Sea (Terra Nova Bay) (Cincinelli et al., 2017;
Munari et al.,, 2017) and globally are among the most commonly
detected MPs in marine fauna, widely documented in marine mollusks,
especially bivalves, from commercial markets and coastal monitoring
studies (Cho et al., 2021; Stefanelli-Silva et al., 2024), including Arctic
specimens (Fang et al., 2018). Only three studies reported MPs in Ant-
arctic bivalves: Cyclocardia astartoides from the Antarctic Peninsula
averaged 0.5 + 0.7 items/individual (90% MFs) while Laternula elliptica
from King George Island contained 42.9 + 25.4 items/individual (94%
MFs) (Gonzalez-Aravena et al., 2024), with the 58 % of items of cellulose
and 22 % considered plastic. In the Ross Sea, Sfriso et al. (2020) found an
average of 1.9 items/individual across several species (Aequiyoldia
eightsii, Cyamiocardium denticulatum, Thyasira debilis, Yoldiella antarctica)
collected from Mario Zucchelli Station, Adelie Cove, and Icarus Camp
locations, with the majority of synthetic polymers In comparison, A.
colbecki contained 4.5 + 2.7 MFs/individual, indicating greater expo-
sure or accumulation potential. Variability in MPs number, shape, and
size across species likely reflects pollution sources and species-specific
traits. For instance, feeding strategies can influence MFs uptake, bio-
distribution and retention inside the body. A.colbecki is an epibenthic
suspension feeder, actively resuspending bottom sediments to access
organic matter and potentially more exposed to sediment-associated
MFs. Body size may also contribute to interspecies variation in MPs'
burden. When MPs abundance is normalized by grams of tissue, bivalves
from the Antarctic Peninsula (L. elliptica (Gonzélez-Aravena et al.,
2024), exhibited higher MFs content compared to A.colbecki (1.82
items/g ww vs 0.36 + 0.28 MF/g ww respectively). However, in the
present study, whole scallops wet weight was estimated using an allo-
metric approach (see paragraph 1.2 of Supplementary materials), and
therefore the calculation of MPs/g could be an artefact. Despite this,
body sizes offers useful information on particle distribution, facilitating
comparisons with other studies MFs found in A.colbecki were longer
(2.10 + 1.5 mm on average) than those reported in Ross Sea bivalves
(0.03-1.00 mm; Sfriso et al., 2020) and the Antarctic Peninsula (0.5-2
mm; Gonzalez-Pineda et al., 2024), possibly due to environmental
exposure, buoyancy or species-specific ingestion mechanisms. In our
study, MFs were specifically analyzed in gills and mantle, two of the
most exposed tissues during filter-feeding in scallops and bivalves. As
these tissues are in direct contact with the surrounding water, they are
more likely to retain suspended particulate matter, including MPs and
MFs. According to the literature, feeding mode appears to influence MPs
occurrence more than body size (Fang et al., 2021; Porter et al., 2023).
Anatomical features, such as the buccal cavity and digestive tract, also
play a key role in mediating MPs exposure. These traits, shared across
benthic taxa like bivalves, crustaceans, and nematodes (Fueser et al.,
2019; Ward et al., 2019; Carreras-Colom et al., 2024; Panto et al., 2024),
influence not only MPs uptake but also the size of ingested particles,
which often correlates with body mass (Jams et al., 2020; Andrade et al.,
2025). Volgare et al. (2022) observed that mussels (M.galloprovincialis)
can accumulate MFs on their gill filaments, highlighting how the shape
of fibers influences their entrapment in gills, where they are not easily
expelled. Fibers smaller than 100 pm can penetrate gill tissues and be
ingested or translocated into internal organs. Similarly, Auguste et al.
(2023) reported that in M.galloprovincialis, short fibers (<150 pm) are
primarily retained, with gills accumulating more than the digestive
gland. Furthermore, MF exposure stimulated extracellular immune re-
sponses, indicating induction of immune/inflammatory processes and
antioxidant enzyme activities, suggesting oxidative stress conditions and
histopathological changes, even at lower concentrations (Auguste et al.,
2023). Mladinich et al. (2022) further demonstrated that mussels and
oysters tend to reject a higher proportion of longer fibers compared to
shorter ones, due to their filtering, feeding, and excretion mechanisms.
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In this study, mantle tissue exhibits a higher number of MFs than gills
(even though not significant), regardless of the sampling period (2004 or
2019). Anatomical differences may account for this pattern. Scallops
possess an unfused mantle, a muscular velum, and numerous sensory
tentacles that regulate water flow and support swimming (Shumway and
Parsons, 2016). Their large, paired gills occupy much of the mantle
cavity and serve dual functions, respiration and filter feeding, via ciliary
currents capable of trapping suspended particles, including MFs. Unlike
mussels and oysters, scallops have mantle tissues that are more directly
exposed to the external environment. Moreover, scallops are active
swimmers and exhibit selective feeding behavior: their labial palps can
reject unwanted particles as pseudofaeces, which are expelled from the
mantle cavity, often by vigorous valve clapping, as observed in the
Antarctic scallop A. colbecki (Bailey et al., 2005). Therefore, the rela-
tively large and open mantle cavity may contribute to greater retention
of suspended particles. Importantly, A.colbecki is one of the most
abundant bivalve species in Antarctic benthic ecosystems and plays a
key role as a filter feeder, contributing to particle cycling and energy
transfer within the food web (Schiaparelli and Aliani, 2019). As such,
the accumulation of anthropogenic MFs in this species may have broader
ecological implications, potentially facilitating their transfer to higher
trophic levels.These findings underscore the importance of conducting
tissue-specific analyses across different taxa to improve the current
knowledge on MFs uptake and biodistribution and potential trophic
transfer along food chains.

4.2. Plastic additives

Numerous studies confirm that plasticizers and flame-retardant ad-
ditives have reached polar regions (Fu et al., 2020; Xie et al., 2022).
Despite the geographic isolation of the Antarctic region and the strict
regulations imposed by the Antarctic Treaty System, increasing human
activity and long-range transport have been recognized as a significant
source of “emerging organic contaminants” (EOC) (Gao et al., 2018; Fu
etal., 2020; Kim et al., 2021; Xie et al., 2022). In Antarctica, plasticizers
have likewise been found near research stations. Gao et al. (2018)
identified flame retardants and plasticizers like TPHP, TEHP and BBP
within 1.3 and 44.4 ng/L in lake and coastal waters of Fildes Peninsula,
tracing them to local sources (station wastewaters, aircraft, sewage). Fu
et al. (2020) reported several OPEs, including TCEP, TCIPP and TPhP in
Antarctic marine organisms from various trophic levels, highlighting
bioavailability and trophic magnification patterns (TMFs>1), particu-
larly for chlorinated OPEs. Concentrations measured in fish and benthic
invertebrates ranged from 0.02 to 5.4 ng/g ww. Han and Liu (2018)
detected DEHA (126,000 ng/g) in Antarctic krill, showing NPPs incor-
poration into basal food webs. Further research from the Fildes Penin-
sula reported 11 OPEs at 0.87-15.7 ng/g dw in soils and 9.8-113 ng/g
dw in moss and lichens, indicating local anthropogenic inputs (Cheng
et al., 2025).

Direct measurements of PAEs and OPEs in the remote Ross Sea
remain scarce. Yet legacy POPs (PCBs, HCB, DDTs, and PAHs) have been
reported in sponges (Pala et al., 2023) and the bivalve A.colbecki (Grotti
et al., 2016; Grotti et al., 2016 analyzed archived tissues from A.colbecki
collected between 1996 and 2009 in Terra Nova Bay, reporting PCB
concentrations of ~100-300 ng/g lw and total PAHs ranging from 200
to 500 ng/g lw. Although no clear temporal trends emerged, a spike
during the 1997-98 austral summer was attributed to local human ac-
tivity, confirming the species’ value as a sentinel for hydrophobic pol-
lutants in polar benthic ecosystems (Krasnobaev et al., 2020).

The PAEs and OPEs detected here in A.colbecki, for some compounds,
appear higher than previously reported levels of legacy POP levels in the
same region (see Table S12). Newly reported NPPs also indicate ongoing
lipophilic contaminant accumulation and possible amplification via MPs
ingestion. Laboratory studies support this: M.galloprovincialis accumu-
lated 2.7-9.5 MPs/individual (Vega-Herrera et al., 2024) and showed
25-55% higher PFAS bioaccessibility when co-ingesting MPs. Similarly,
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Fig. 2. Comparison of the average number of MFs found in mantle and gill
tissues of A.colbecki across the two sampling years (2004 and 2019). No sta-
tistical differences were found between tissues or years (non-parametric Man-
n-Whitney test).

Environmental Research 300 (2026) 124412

Alvarez-Ruiz et al. (2021) found chronic PE MPs exposure increased
diclofenac and PFOS accumulation with slower depuration in M.
galloprovincialis.

4.3. Potential source of contamination

MFs retrieved from scallop tissues were predominantly black and
blue (~80%), in agreement with patterns observed in other Antarctic
mollusks (Gonzalez-Aravena et al., 2024; Gonzalez-Pineda et al., 2024;
Bergami et al., 2023).

Polymeric characterization showed MFs were primarily natural
(46%) and semi-synthetic (39%), while synthetic fibers, such as PET,
accounted for 15%, aligning with clothing and equipment at MZS and
previous Antarctic and global findings (Suaria et al., 2020;
Gonzalez-Aravena et al., 2024; Gonzalez-Pineda et al., 2024). Several
studies have documented MPs contamination in the Ross Sea (Sfriso
et al., 2020; Aves et al., 2022; Bergami et al., 2023). Cincinelli et al.
(2017) reported MPs of PE and PP (57.1%), followed by PET and other
polymers near-shore Road Bay and Tethys Bay areas and offshore of the
Ross Sea coast. Similarly, Zhang et al. (2022) identified PET MFs as the
most abundant in surface and subsurface waters across 28 stations in the
Ross Sea, Dumont d'Urville Sea, Davis Sea, and Prydz Bay. Munari et al.
(2017) reported fibers and fragments in sediments, with concentrations
increasing closer to MZS. MFs found in Antarctic snow near McMurdo
Station in the Ross Sea (Aves et al., 2022) and nanoplastics recovered

Fig. 3. Representative MFs retrieved from A.colbecki samples. Scale bar: 500 pm.
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Fig. 4. Features of the MFs isolated from the soft tissues (mantle and gill) of the Antarctic scallop A.colbecki: polymers, colors and size.

from sea ice cores (Materic et al., 2022) further support the hypothesis of
local contamination linked to human activities and the use of synthetic
textile materials.

Sewage discharges from laundry have long been recognized as a
major pathway for MFs release into coastal waters (Rochman, 2015;
Napper and Thompson, 2016), and wastewater treatment plants are
often inefficient in retaining fibers (Grondahl et al., 2009; Stark et al.,
2016). Moreover, although natural textile fibers such as cotton or rayon
are often considered biodegradable, their environmental persistence
may be underestimated, especially when chemically treated (Suaria
et al., 2020). The co-occurrence of plasticizers in textiles and scallops
may suggest a likely release pathway via leaching and washing, followed
by bioaccumulation. Filter-feeding bivalves can ingest MFs carrying
additives, and their cold, lipid-rich physiology enhances retention. Polar
species’ slow metabolism and high lipid content amplify uptake of
lipophilic contaminants (Chapman and Riddle, 2005; Germanov et al.,
2018; Borga et al., 2022), so even low environmental concentrations can
lead to substantial tissue burdens. In this context, the positive associa-
tion observed between common plasticizers in scallops and textiles
(Table 1) is supported by a significant Spearman correlation (r = 0.7862,
p-value = 0.0023). The strengthening of the correlation following data
transformation in log (10) moreover suggests that the relationship is
robust and not driven solely by high-magnitude values. However, this
pattern should be interpreted with caution, as correlation alone does not
demonstrate causation or a direct transfer pathway. Instead, it may
indicate that both matrices are influenced by similar environmental
inputs or sources of contamination. Potential contributors could include
local anthropogenic activities or more diffuse inputs, although

identifying specific sources was beyond the scope of this study. While
total OPEs may not consistently biomagnify, some compounds (TEP,
TBOEP, T2IPPP) do, whereas others ((TCEP, log Kow 1.4; TPHP, log Kow
~4.6; TEHP, log Kow 9.5)) show species-specific patterns (Sala et al.,
2024). The presence of TPHP, TEHP, 2IPPDPP, and 4IPPDPP in A.col-
becki and textiles indicates dual exposure: direct release from materials
and transfer through benthic and pelagic food webs, with high log Kow
compounds persisting in lipid-rich tissues but exhibiting variable
metabolic fates across species. DEHP reached a mean value of ~265
ng/g ww (~1131 ng/g dw), exceeding levels observed in shellfish from
the Pearl River Delta, China, (averaging ~226 ng/g dw) (Gu et al.,
2021). In oysters from Florida, ZPAEs reached up to ~1021 ng/g ww
(Lemos et al., 2024), with DEHP reaching 70.37 ng/g ww. Moreover, the
presence of this compound has been documented in marine organisms
from protected areas, including bivalves, fish and holothurians from a
Mediterranean MPA, with bivalves having the highest values in terms of
DEHP (mean 2.58 + 0.55 pg/g ww) (Rios-Fuster et al., 2022). It was also
found associated with MFs in the Mediterranean Sea urchin Para-
centrotus lividus (Raguso et al., 2022). DEHP is a widespread plasticizer
used in flexible PVC, flooring and coatings (Zolfaghari et al., 2014;
Aldegunde-Louzao et al., 2024). Since it is not chemically bound to
polymers, it can easily leach during use or laundering, with urban
wastewater treatment plants being a primary source into aquatic envi-
ronments (Zolfaghari et al., 2014). Our analysis revealed high concen-
trations of DEHP in textile items (mean:79.74 + 69.77 ug/g),
particularly in PP-blended leggings and bootstraps (Table S13). Also,
DiBP-DnBP phthalate esters, extensively used as plasticizers in polymers
(Lorber and Koch, 2013), were detected at relevant concentrations both
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Fig. 5. 100% stacked columns for OPEs percentage in each scallop (A) and textile item (B), and for PAEs and NPPs (C, D), illustrating the relative contribution of each

compound to the total profile within each matrix.

in scallops (48.9 + 30.1 ng/g ww) and textiles (53.95 + 61.45 pg/g)
(Table 1), indicating a broader spectrum of potentially leachable addi-
tives present in these items. OPEs such as TPHP and TEHP, commonly
used as flame retardants and plasticizers in PVC, synthetic fibers, and
polyurethane foams (Wang et al., 2025), were among the most abundant
compounds detected in A.colbecki. TPHP reach a mean concentration of
6.76 + 3.6 ng/g ww (29.8 &+ 15.7 ng/g dw), while TEHP reached 45.5
ng/g ww (210 ng/g dw in one sample) (see Tables S10-S11). These
values exceeded those reported for M.galloprovincialis from the Bay of
Marseille (2.4 ng/g dw; Castro-Jiménez and Ratola, 2020) and fall
within the range observed for Spanish mussels (11-291 ng/g dw; Castro
et al., 2020). TPHP was also highly concentrated in textile items (692 +
870 ng/g; Table 1), especially in red bootstraps (2298 ng/g), while
TEHP showed lower mean levels (399 + 346 ng/g) but remained
consistently present. Although both compounds tend to biodegrade
relatively quickly in the aquatic environment and do not meet the
criteria for persistence (van der Veen and de Boer, 2012), their wide-
spread use leads to frequent detection. Among Isopropylated Triaryl
Phosphates (ITPs), 2IPPDPP and 4IPPDPP were consistently found in

scallops and textiles (Table 1). 2IPPDPP averaged 0.656 + 1.3 ng/g ww
in scallop tissue and 472 + 381 ng/g in textiles, peaking at 1222 ng/g in
PP-blended leggings, while 4IPPDPP showed higher levels in biota (2.04
=+ 3.15 ng/g ww) but lower concentrations in the same textile (28.03 +
24.7 ng/g) (Table S13). Data on bivalves are limited, but these com-
pounds have also been detected in fish, turtles, and marine mammals,
linking them to ingestion of plastic debris or prey (Sala et al., 2021,
2022; Dettoto et al., 2024). TCEP, a widespread OPE in textiles (mean
37.51 £ 77.33 pg/g), was especially high in the PET lining of a jacket
(863 ng/g) and exceeded quantification limits in the bootstraps. In
scallops, it was lower (0.29 + 0.3 ng/g ww; 1.14 + 0.3 ng/g dw) but
detected in all specimens, indicating consistent exposure. Historically
used in polyurethane foams, polyester resins, and fabrics, TCEP leaches
easily due to non-covalent bonding and is frequently reported in marine
organisms (Sala et al., 2022; Aminot et al., 2023). For example, Choi
et al. (2020) found wide variability in OPE concentrations in oysters
(6.12-206 ng/g dw, mean 40.9 ng/g dw), with highest levels near
Weizhou Island, where ) 110PEs reached 309 + 60 ng/g dw, including
TCIPP, TBOEP, TDCIPP, and TCEP.
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RDP, a newer flame retardant increasingly used as a substitute for
regulated OPEs like TPHP and TCIPP (Huang et al., 2020), was the most
abundant compound in A.colbecki (mean 43.1 + 57.8 ng/g ww; 190 +
274 ng/g dw). Widely used in electronics, resins, and plastics, it is
ubiquitous in the environment and highly toxic to aquatic organisms
(van der Veen and de Boer, 2012). Few studies have reported its pres-
ence in marine biota (Castro et al., 2020), and it was not detected in
textiles here, suggesting alternative inputs such as long-range transport
or trophic bioaccumulation. In this study, higher RDP levels have been
observed in scallops sampled in 2019 (Table S10) compared to 2004.
However, RDP shows moderate bioaccumulation potential and at the
same time its environmental persistence is limited (e.g. relatively short
half-lives in water), and also the limited sample size complicates the
interpretation. Thus, increased RDP concentration in 2019 could reflect
both enhanced long-range input and trophic accumulation. Similarly,
B4IPPP, T2IPPP, and THP were detected only in scallops (Table 1),
indicating the need for further research on their sources and behaviour
in polar food webs.

Among NPPs, DEHA showed exceptionally high concentrations in A.
colbecki (16.64 + 6.2 ng/g ww; 72.3 + 23 pg/g dw) and in textiles
(average 2389 + 2022.8 pg/g) (Table 1), highlighting the need for
further investigation. Widely used to enhance flexibility in plastics as a
safer alternative to DEHP (Xu et al., 2019), DEHA is released during
production, use, and disposal, and is ubiquitous in air, dust, and aquatic
environments (Boor et al., 2015; Fromme et al., 2016; Behairy et al.,
2021). Although generally low-toxicity, high-dose exposure can affect
hepatic, reproductive, and developmental endpoints (Wato et al., 2009;
Behairy et al., 2021). Another NPP, ATBC, was detected in scallops (1.11
+ 0.90 ng/g ww) and textiles (262 + 325 ng/g). Commonly used in food
packaging, cosmetics, adhesives, and inks (Johnson, 2002; Bui et al.,
2016), it may have endocrine-disrupting and metabolic effects (Sheikh
and Beg, 2019; Zhang et al., 2023) and has been reported in wild fish and
environmental matrices (Dettoto et al., 2024; Fernandez-Arribas et al.,
2024). Overall, evidence from measured experiments and regulatory
reviews indicates low bioaccumulation for both NPPs. Despite the high
log Kow of DEHA (>6.11 to 8.39) (OECD, 2000), most authors attribute
a low bioaccumulation due to rapid metabolism/biotransformation in
aquatic species. However, there is some evidence suggesting DEHA may
persist and cause adverse effects in certain invertebrates, and further
research is needed in this area (California Office of Environmental
Health Hazard Assessment, 2003). There's some evidence ATBC can
appear in animal tissues, but the literature is mixed. Modelled BCFs
range from low-moderate to high depending on assumptions, while few
experimental studies indicate rapid absorption and metabolism with
limited long-term retention (Dettoto et al., 2024).

Despite the 2019 Antarctic Treaty recommendations to limit the use
of personal care products containing microbeads, the role of wastewater
treatment facilities as sources of MFs pollution in Antarctic coastal en-
vironments remains largely overlooked. The widespread detection of
plasticizers in A.colbecki underscores the risk of combined exposure.
Target actions are urgently needed to quantify and mitigate inputs of
MFs and leachable additives from research stations. Given the ecological
importance of the Antarctic scallop A.colbecki and the need to preserve
the unique biodiversity of the Ross Sea Marine Protected Area, further
monitoring efforts across diverse benthic taxa and trophic levels are
essential to assess the long-term ecological consequences of this
contamination.

4.4. Study limitations

Some limitations of this study should be considered. Although rele-
vant for the MPA, more studies on scallops from other Antarctic marine
coastal areas will reinforce the hypothesis that bivalves are potential
targets of MFs and chemical additives. In addition, polymer and additive
characterization was performed on a subset of the observed particles
following standard QA/QC practices in microplastic studies, which may
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have led to an underestimation of the total diversity of polymer present.
Therefore, the results should be interpreted as a preliminary assessment,
highlighting the need for further investigations with larger sample sizes
and broader spatial coverage.

5. Conclusions

This study provides the first evidence of MFs and associated plasti-
cizers in gills and mantle of A. colbecki from the Ross Sea. MF abundance
exceeded previous records for local bivalves and was comparable to
levels found in specimens from the Antarctic Peninsula. Tissue-specific
patterns suggest different exposure routes, while polymer analysis
revealed cellulose, semi-synthetic, and PET fibers closely matching
textiles used at MZS, pointing to research stations as local MF sources.
The co-occurrence of plastic additives, particularly phthalates (DEHP,
DiBP/DnBP), OPEs (TPHP), and alternatives such as DEHA, in scallops
and textiles, together with the positive Spearman correlation observed
between the two matrices, suggests a possible environmental link be-
tween these contaminants and textile-derived MFs. Notably, concen-
trations of several plasticizers detected in A.colbecki were higher than
those reported in marine bivalves from other regions worldwide, which
may indicate the influence of local sources in addition to long-range
transport. However, the limited number of samples analyzed for plas-
ticizer quantification constrains the ability to robustly identify
contamination sources and patterns. Further analyses of plasticizers in
surrounding water and sediments will help clarify exposure pathways
and the potential vector role of MFs.

Overall, these findings highlight the need for further investigation
into the dynamics of MF uptake, clearance and retention at the tissue
level, as well as their potential physiological effects. In this context, our
results contribute to the growing body of evidence supporting the ob-
jectives of ATCM Resolution 5 (2021), which calls for improved moni-
toring and mitigation of microplastic pollution in Antarctica.
Strengthening wastewater management and implementing targeted
mitigation strategies at research stations may therefore represent
important steps toward reducing local inputs and supporting ongoing
conservation efforts in Antarctic ecosystems.
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