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Over the past few decades, the scientific community has extensively investigated
microplastics (MPs) and their interactions with marine organisms. MPs ingestion
has been one of the most commonly examined topics across marine fauna. In
this study, we present a systematic review conducted to gather information on
the MPs ingestion by different taxonomic groups, collect MPs abundances and
characteristics, and explore the relative literature evolution. Additionally, through
meta-analysis, we focused on marine commercial species, aiming to estimate
the mean MPs ingestion quantities in Pisces, Mollusca, Crustacea, and
Echinodermata. A total of at least 822 marine species were reported to have
ingested MPs for the period of 1972-2021. Pisces (class: Teleostei) was the most
frequently examined group including 513 species reported to have ingested at
least one MP and exhibited the widest range of mean MPs ingestion quantities
[0.07-16.33 MPs per individual (MPs/ind) GIT] among the different families. The
studies that analyzed soft tissue focused mainly on Gastropoda, Bivalvia,
Malacostraca, and Echinodermata (8.85 MPs/ind, 3.64 MPs/ind, and 1.03 MPs/
ind, 1.56 MP/g respectively). In total, MPs" most frequently found characteristics
were fibers, measuring less than 1 mm, black in color, and composed of
polyethylene. The wide range of MPs descriptions concerning their
characteristics and the notable high heterogeneity of the estimated values of
MPs ingestion among and within most families highlights the importance of
adopting harmonized methodological protocols to more effectively address the
MPs issue.
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Introduction

Since the 1950s, the growing production of plastics has arisen
concerns over their impact on the natural environment. Plastics’
properties, such as durability, resistance to degradation, lightweight,
and low cost are the main reasons that plastics became extensively
used in numerous domestic and industrial applications (UNEP,
2016). Plastic production transitioned from multiple- to single-use
plastics, commonly intended for packaging and consumer products
(UNEP, 2018). In 2016, up to 23 million Mt of plastics entered the
aquatic environments, according to estimations based on the total
plastic waste generated globally (Borrelle et al., 2020).

Microplastics (MPs) are plastics less than 5 mm in size, formed
by the fragmentation of larger plastic items in the marine
environment (secondary MPs) or produced in that size for
industrial and commercial purposes (primary MPs) (Arthur et al.,
2009). Secondary MPs are the most frequent MPs in the marine
environment with fibers being the most found type (Browne, 2015;
Gago et al,, 2018). MPs are present in all marine habitats, from the
sediments collected along coastlines to the seawater of mid-ocean
gyres (Cole et al,, 2011) and hadal bottom waters (Peng et al., 2018).
MPs are potentially accessible by marine fauna (Andrady, 2015;
UNEP, 2016), as their small size favors being ingested by a wide
range of marine organisms at all trophic levels (Wright et al., 2013).
MPs’ characteristics, mainly size and color, affect the incident of
ingestion as they often resemble the natural, preferable prey of the
organisms and, thus, it is more likely to be ingested (Shaw and Day,
1994; Carson et al., 2013; Wright et al., 2013; Ory et al,, 2017).

Ingested MPs can physically impact marine organisms by the
blockage or the injury of the internal tissues that may even be fatal
(e.g., Oliveira et al., 2013; Wright et al., 2013; Rochman, 2015;
Lusher et al., 2017; Egbeocha et al., 2018). In ingestion incidents,
MPs also have an adverse effect on various biological functions of
the marine organisms, such as alterations of the development and
reproduction patterns, decrease of the survival and fecundity rates,
increase of the mortality rates, promotion of inflammatory
responses, and disruption of the endocrine system (Lee et al,
2013; Avio et al., 2015; Capolupo et al., 2018; Green et al., 2019;
Piccardo et al., 2020; Provenza et al., 2020; Teng et al., 2021). MPs
ingestion effect on marine organisms has been commonly examined
under laboratory-controlled conditions; however, frequently, the
selected concentration of MPs was usually higher than those
occurring in the natural environments (Bucci et al., 2020). The
substances added to the plastics throughout the production process
have also been found capable of provoking a toxic effect on marine
organisms (Andrady and Rajapakse, 2019). Plastic additives, such as
plasticizers, stabilizers, flame retardants, and colorants are not
covalently linked to the plastic and, thus, are potentially released
to the environment and/or the tissues of the organism when
ingested (ECHA, 2020).

Humans consume a variety of aquatic and marine species,
primarily marine finfish (33%), mollusks (14%), and crustaceans
(11%) as their primary sources of protein (FAO, 2022). Human
exposure to MPs through diet has been assessed globally, and the
MPs intake varied significantly depending on the different
taxonomic groups of commercial marine fauna, the
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methodological approaches, and the reported measurement units
of MPs content (Garrido Gamarro and Costanzo, 2022). At regional
level, knowledge about MPs occurrence in edible tissue and the
potential effect on human health through their consumption is still
lacking (Barboza et al., 2018; Walkinshaw et al., 2020).

In the context of this study, a global systematic review was
conducted aiming to (a) map and assess the existing knowledge and
the temporal evolution of MPs ingestion by marine biota and
specifically investigate differences among the various taxonomic
groups and (b) quantify the MPs ingestion by commercial
marine organisms.

Materials and methods
Data collection

The Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines and protocol were applied for this
systematic review (Moher et al., 2009), and the SciVerse Scopus Engine
was used to collect articles (http://www.info.sciverse.com/). The engine
search included articles up to 31/12/2021 and consisted of the terms:
(“microplastic” OR “microfiber” OR “plastics”) AND (“sea” OR
“ocean” OR “marine” OR “coastal” OR “pelagic”) AND (“organisms”
OR “biota” OR “species” OR “specimen”) AND (“ingestion” OR
“content”). Known peer-reviewed papers not retrieved through the
Scopus search were added manually into the dataset.

The systematic review was structured in four stages:
identification, screening, eligibility, and inclusion in the analysis
(Figure 1). All unique publications were included in the first stage.
The articles were screened, and information related to each study
was retrieved (Title, Year of publication, DOI). Non-English, non-
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searching other sources
(n = 3362) (n=16)

l |
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FIGURE 1

Flow diagram of the articles examined in the four stages of PRISMA.
The numbers in brackets correspond to the number of articles
included at each step. Source of PRISMA Flow Diagram: Moher et al
(2009).
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peer-reviewed, and non-related to MPs ingestion by marine
organisms’ publications were excluded. Aiming to target the
ingestion that occurred under natural conditions in the marine
environment, studies corresponding to MPs ingestion from survey-
based methodological approaches (samples collected through
research expeditions or marketplace surveys) were included.
Thus, studies based on manipulative experiments, field setting
experiments, and simulation studies were also excluded.
Throughout the eligibility stage, a full-text review was conducted,
and the same exclusion criteria were applied. The collected
information at this stage included: (a) the study area (type of
ecosystem, sampling area classified in marine realms, and
provinces based on Spalding et al, 2007, 2012 or the origin
country in case of samples collected from marketplaces), (b) the
research (research topic, study design/methodological approach,
and examined tissue), (c) the organism [taxonomic groups, species,
sample size, and verification of ingestion (YES/NO), number of
individuals with MPs], and (d) the MPs [number of total ingested
MPs, MPs per individual or per mass unit (g) accompanied with a
measure of variability, percentage, and description of the most
frequently ingested type, size, color, and polymer material]. The
selection of MPs descriptors and the precautions of preventing MPs
contamination (e.g., use of appropriate clothing and materials and
examination of blank samples) were based on the European
Commission Joint Research Center guidelines on the collection,
extraction, and reporting of MPs from marine organisms (Hanke
et al,, 2013). If the above-described information was grouped with
findings of plastics greater than 5 mm in size and could not be
distinguished, it was excluded from the analysis.

Online databases were used for the further collection of data
related to the taxonomy (class and family) and the feeding behavior
of the examined organism: FishBase for Pisces (Froese and Pauly,
2022), Avibase (Lepage, 2014) for Aves, and SeaLifeBase (Palomares
and Pauly, 2022) for the rest of the groups of the organisms.
Additionally, the World Register of Marine Species (WoRMS)
database was used to double-check the taxonomy of each species
(Ahyong et al, 2022). The commercial status of the species was
classified into five categories: (a) “highly commercial,” (b)
“commercial,” (¢) “minor commercial,” (d) “subsistence fisheries,”
and (e) “of potential interest” based on the FAO statistics on
fisheries retrieved from Froese and Pauly (2022) and Palomares
and Pauly (2022).

The collected data were organized into spreadsheets, and R
Studio was used for further processing and visualization (R Core
Team, 2021). QGIS (QGIS Development Team, 2022) was used for
mapping, as well as the combined geospatial vector of coastal and
pelagic ecoregions provided by Nature Conservancy (2012).

Data analysis

To examine the ingestion of MPs among marine fauna, the
retrieved records were analyzed to produce quantitative and
qualitative results (Figure 1). Meta-analysis was conducted to
aggregate and compare the ingestion among different studies and
species. The meta-analysis focused on Pisces, Mollusca, Crustacea,
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and Echinodermata as these taxonomic groups included
commercially important species (Supplementary Material, List of
marine species that have ingested MPs.xlsx). MPs ingestion was
registered for each species within each study as the number of MP
items per individual or per unit mass (g). The standard deviation
(SD) or standard error (SE) was also retrieved from the analyzed
studies, and the latter was converted to SD [ SE=SD/
\/m] (Higgins and Green, 2011). The analyzed tissue
was also taken into consideration for grouping the data. The total
number of records exceeded the final number of studies, as multiple
species and/or multiple incidents of MPs ingestion were reported
within studies. For each study, the mean values of MPs ingestion per
individual or per unit mass (g) and their corresponding SD were
weighted and grouped at the family level (Supplementary
Section S1.1).

The “metafor” package (Viechtbauer, 2010) was used in R Studio
(R Core Team, 2021) to estimate the ingestion of the different groups
and families, employing a multilevel analysis approach with a
random effect linear model and the DerSimonian-Laird #* estimator
(DerSimonian and Laird, 1986). Cochran’s Q test was used to assess
heterogeneity across the examined variables (study and taxonomic
group) (Viechtbauer, 2010; Harrer et al., 2022). The weighting of the
outcomes was estimated by the inverse summarized matrix of the
covariances of the variables and the potential outliers were detected
by the examination of the residuals and the influential studies
(Viechtbauer, 2010). For families with records originating from a
single study (e.g., multiple species from the same family), the findings
were grouped and organized into tables (Supplementary Table S1). In
cases where only one incident of MPs ingestion was reported by a
study, further analysis could not be conducted and, once again, the
reported values of MPs ingestion and the examined species organized
into tables for providing a better understanding of MPs ingestion
range (Supplementary Table S1).

Results
Description of the dataset

The primary search (identification stage) included 3,378 articles
from 1957 to 2021, which mainly originated from the literature
search on the Scopus database and a few additional publications
that were imported manually (Figure 1). Through the screening
process and the application of the inclusion criteria, 2,363 articles
proceed to the full-text assessment stage. The inclusion stage
consisted of 345 articles producing 1,967 individual records that
were analyzed to assess MPs ingestion among the different
taxonomic groups (Figure 1). A subset of 281 articles (1,667
records) was referred to species with a commercial status and was
further analyzed. Specifically, the MPs ingestion mean values
grouped at the family level within each study (as described above)
concluded to 336 grouped records (k) intended for meta-
analysis purposes.

Although the term “microplastic(s),” as commonly used today,
was introduced at a later stage (Authur et al., 2009), the interaction
of marine organisms with plastics present in the marine
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environment is dated back to the 1950s (Snoke, 1957). MPs were
described as pellets, granules, or plastic fragments on beaches
(Merrell, 1980; Shiber, 1982; Gregory, 1983) and in seawater
(Carpenter and Smith, 1972; Carpenter et al., 1972). Ingestion of
polystyrene by fish species—in the shape of spherules, sizing on
average below 5 mm and intended for manufacturers’ uses—was
first published in 1972 (Carpenter et al., 1972). Incidents of plastic
ingestion continued to be highlighted through the following
decades, although the size of the plastic particles was not always
described. In recent years, an increasing number of published
studies focusing on MPs ingestion by marine fauna was recorded;
similar is the trend in records (Figure 2).

MPs ingestion across marine fauna

From 1972 to 2021, species of 13 marine biota groups were
analyzed under the scope of MPs ingestion, including 29 classes and
332 families. At least 1,043 marine species were examined, and MPs
ingestion was confirmed for 822 different marine species. The most
frequently examined groups were Pisces (685 species), Aves (102
species), Mollusca (97 species), and Crustacea (73 species).
Echinodermata (22 species), Mammalia (18 species), Polychaeta (13
species), and Cnidaria (12 species) had a lower number of examined
species, while each of the rest of the groups (Reptilia, Porifera,
Ctenophora, Tunicata, and Chaetognatha) included up to seven
species. Overall, 43.9% of the total studies focused their research on
MPs ingestion by Pisces, followed by Mollusca (21%), Crustacea (11%),
Aves (5.6%), Echinodermata (4.1%), and Mammalia (3.7%) (Figure 3).

As an indicator for exploring the research intensity within
studies, the total number of examined species per article for each
biota group was calculated. Pisces and Aves presented the highest
mean number of examined species per article, 10.2 and 8.5 species
per article, respectively (Figure 4).

The percentage of the species found to have ingested MPs was
78.8% of the total species examined (Figure 5). The species that were
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reported to ingest at least one MP corresponded to 29 classes and
300 families. MPs ingestion occurred for 513 species of Pisces, 94
species of Mollusca, 68 species of Crustacea, 65 species of Aves, 21
species of Echinodermata, 18 species of Mammalia, 13 species of
Polychaeta, 11 species of Cnidaria, and seven species of Reptilia,
while the rest of the groups included fewer species (Supplementary
Material, List of marine species that have ingested MPs.xlsx).

Pisces, Mollusca, Crustacea, and Echinodermata included species
of commercial interest. In summary, most of the species were
categorized as “Commercial” (53%), followed by “Highly
Commercial” (27%) and “Minor Commercial” (19%), while species
“of potential interest to fisheries” and species of “subsistence
fisheries” reached 1% in total. Pisces had the greatest number of
species examined, with 20 species accumulating more than 20% of the
records of MPs ingestion of the group. The most frequently examined
species for Crustacea was Nephrops norvegicus (Linnaeus, 1758,
Norway lobster) (17% of the total records of Crustacea), followed
by Aristeus antennatus (Risso, 1816, blue and red shrimp) (9%) and
Chionoecetes opilio (Fabricius, 1788, snow crab) (9%). Most of the
research on MPs ingestion by Mollusca and Echinodermata focused
on fewer species, as only three species of Mollusca (Mytilus
galloprovincialis (Lamarck, 1819), Crassostrea gigas (Thunberg,
1793), and Mytilus edulis (Linnaeus, 1758)) and one species of
Echinodermata [Paracentrotus lividus (Lamarck, 1816)] covered at
least half of the total records of each group.

Ingested MPs characterization

The total number of the MPs retrieved from the tissues of the
examined specimens ranged from 0 to almost 6 million particles.
The latter was estimated for an analyzed group of 15 individuals of
Pleoticus muelleri (Bate, 1888) (Crustacea) purchased from the
marketplace of Singapore and originated from Atlantic Ocean
(Curren et al, 2020). For studies focusing on Mollusca, 1,945
MPs were collected from Magallana gigas (Thunberg, 1793)
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FIGURE 3

Percentage of the total articles examined for the incidence of MPs
ingestion across marine fauna per biota group. The black slice
aggregates all biota groups with contributions equal or less than 1%
of the total articles (Porifera, 1%; Tunicata, 1%; Ctenophora, 0.5%;
Chaetognatha, 0.2%).

(class: Bivalvia) from bays in Mexico (Lozano-Hernandez et al.,
2021). More than 2,000 MPs were found in 200 specimens of
Apostichopus japonicus (Selenka, 1867) that belonged to
Echinodermata (class: Holothuroidea) and were sampled in China
(Mohsen et al., 2019), while 4,566 MPs were isolated from Solea
solea (Linnaeus, 1758) (Pisces, class: Teleostei) (N = 533) in the
Adriatic Sea (Pellini et al., 2018).
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FIGURE 4

Box plot of the examined number of marine species per article for
each biota group. The mean value of the examined number of
species per article for each biota group is presented with the x
symbol and the median with the horizontal line within each box. In
case of no visual display of the median within boxes, the median is
equal to the minimum value. The vertical whiskers in each box
present the maximum value of the biota group
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Data on MPs characteristics (type, size, color, and polymer
material) were extracted from the groups that had commercial
species, thus, Pisces, Mollusca, Crustacea, and Echinodermata. In
Table 1, the description and percentage of the most abundant type,
size, color, and polymer material of the found MPs within each
study for each biota group were summarized. Overall, fibers (71% of
the total records) were the most dominant type of MPs found in the
examined specimens (N = 494 records). Fibers were the most
frequently found type among each group, Pisces (67.6%),
Mollusca (77.6%), Crustacea (61.1%), and Echinodermata (75%)
(Table 1). “Fragments and particles™ followed fibers, while “pellets
and films” were reported as the most abundant type in a few studies.
Various values and size classes were used to describe the most
abundant size of MPs, while “< 1 mm” was in total the most
frequently reported size class (67.6% of the total records, N = 251
records), and for each commercial group (Table 1). MPs color had
the widest range of descriptions, as 20 different colors and mixed
descriptions of colors were reported in the reviewed studies as the
most frequent. The black color was the most frequently reported
color among Pisces, Mollusca, and Crustacea, followed by blue and
transparent, while blue was the most frequent for Echinodermata
(N = 282 records). Twenty different polymer materials have been
identified by different studies as the most abundant materials of the
found MPs; this information was provided by only 84 articles. In
general, polyethylene (PE) was the most frequently detected
polymer material, while in Pisces both PE and semi-cellulosic
fibers were equally reported as the most frequently found
materials (Table 1).

Meta-analysis of MPs ingestion

Pisces, Mollusca, Crustacea, and Echinodermata were selected
for the meta-analysis of MPs ingestion based on their commercial
characterization, concluding to a subset of 281 studies with 1,667
observations that were further examined based on the data provided
and 336 grouped records of MPs ingestion mean values included in
the analysis (see Materials and Methods). The analysis was
conducted for each biota group primarily in the level of class and
if the sample size was considered appropriate, then the analysis was
conducted at the level of family.

Most of the commercial species analyzed were sampled around
Northern European Seas and Mediterranean Sea, followed by Cold
and Warm Temperate Northwest Pacific, South China Sea, and
Sunda Shelf, mostly in coastal provinces rather than
pelagic (Figure 6).

MPs ingestion by Pisces

Pisces analysis consisted of two classes, Elasmobranchii and
Teleostei with the vast majority of the species been commercially
important (Supplementary Material, List of marine species that have
ingested MPs.xlsx). Elasmobranchii (five species) included species
characterized as “commercial” and “minor commercial”. The
estimated mean value of MPs ingestion for Elasmobranchii was
0.92 (+ 0.46 SE) MPs per individual (MPs/ind), with high
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FIGURE 5

Percentage of the species having ingested MPs among the total
examined species for each biota group. The total number of species
that ingested MPs among the total examined species is presented
with the black bar (%).

heterogeneity (Q test, p< 0.0001, k = 6, and CI = 95%), and the
examined tissue was the gastrointestinal tract (GIT) (Figure 7).
Overall, Elasmobranchii had a small sample size of only six records,
corresponding to four families. In the level of family, MPs/ind was
estimated for two families, with Scyliorhinidae (cat sharks), having
the smallest mean value among the families, and Rajidae (skates), a
moderate one (0.14 + 0.09 MPs/ind and 1.17 + 0.58 MPs/ind,
respectively). The rest of the two families were examined by only
one study, each targeting the species Hypanus guttatus (Bloch &
Schneider, 1801, family: Dasyatidae) and Galeus melastomus
(Rafinesque, 1810, family: Pentanchidae) (Supplementary Table
S1). Thus, among the families of Elasmobranchii, the mean
estimated and reported values of MPs ingestion (GIT tissue
analyzed) ranged from 0.14 MPs/ind to 2.4 MPs/ind.

10.3389/fmars.2023.1240969

Teleostei (at least 217 species and group records) was the most
frequently examined class across marine fauna, producing an
overall mean value of 2.87 (+ 0.57) ingested MPs/ind for findings
referring to GIT examination (Q test, p< 0.0001, k =222, and CI =
95%). At the level of family, Teleostei consisted of data records of
MPs ingestion from 76 families. Half of the families had been
examined only by one study and concerned one species or several
species of the same Family (Supplementary Table S1). For the rest of
the families the mean values of MPs ingestion were estimated and
presented in Table 2. Considering both estimated mean values in
the context of this study and reported mean values by the original
studies, the range of MPs ingestion per individual examined, among
the different families, ranged from 0.07 MPs/ind to 16.33 MPs/ind.
The most frequently examined species belonged to families of
Clupeidae (herrings, shads, sardines, and menhadens),
Engraulidae (anchovies), Sparidae (porgies), Carangidae (jacks
and pompanos), Scombridae (mackerels, tunas, and bonitos), and
Mugilidae (mullets) (Table 2).

MPs ingestion by Mollusca

Mollusca analysis was based on the data retrieved from 26
articles (19 species) and expressed in MPs mean numbers per
individual and the soft tissue analyzed (Supplementary Material,
List of marine species that have ingested MPs.xlsx). Three classes
were included in the analysis: Bivalvia (82.1% of the total records),
Gastropoda (15.5%), and only one record of Cephalopoda
(Supplementary Table S1). For Bivalvia and Gastropoda, the
mean values of MPs ingestion were estimated and Bivalvia had a
mean value of 3.64 + 0.50 ingested MPs/ind (Q test, k = 35, p<
0.0001, and CI = 95%) for the soft tissue analyzed. The
heterogeneity was considered high, and further analysis was
conducted aiming to detect potential outliers. After the
application of the exclusion criteria, a new mean value of 1.47

TABLE 1 Summary table of MPs characteristics in total and for each biota group of commercial interest.

Descriptor/biota group Total
The most abundant type of ingested MPs (N = 494) Fiber
% of the total records of type 71%

Range (%) of the type reported as the most abundant 38%-100%

The most abundant size of ingested MPs (N = 251) <1 mm

% of the total records of sizes 67.6%

Pisces Mollusca Crustacea Echinodermata
Fiber Fiber Fiber Fiber
67.6% 77.6% 61.1% 75%

38%-100% 34%-100% 39%-100% 68%-98%

<1 mm <1 mm <1 mm <1 mm

59.9% 83.8% 87.5% 100%

Range (%) of the size reported as the most abundant 18%-100%

18%-100% 28.7%-100% 36%-80% 40%-84%

The most abundant color of ingested MPs (N = 282) Black Black Black Black Blue

% of the total records of colors 29.1% 30.3% 25.8% 43.8% 38.5%

Range (%) of the color reported as the most abundant 26.1%- 26.1%-100% 40%-80% 45%-60% 45%-59%
100%

The most abundant polymer material of ingested MPs study (N PE PE & semi- PE PE & Polyamide Polyamide (PA)

= 84) cellulose (PA)

% of the total records of polymer materials 21.4% 22.2%, 24.3% 25%, respectively 37.5%

respectively
Range (%) of the polymer material reported as the most 17.4%— 25%-100% 17.4%-95% 19.3%-90% 23%-100%
abundant 100%
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Global distribution of marine commercial species (Pisces, Mollusca, Crustacea, and Echinodermata) being reported to have ingested at least one MP.
The sampling of the species occurred through scientific expeditions. Most species were sampled in the coastal and pelagic marine provinces of
Europe and Southeast/East Asia (Northern European Seas, Mediterranean Sea, Cold and Warm Temperate Northwest Pacific, South China Sea and
Sunda Shelf). Marine provinces are based on Spalding et al. (2007, 2012). Source of GIS layers used to produce the map: The Nature Conservancy

(2012).

ingested MPs/ind + 0.02 was obtained (Q test, k = 12, p = 0.1180,
and CI = 95%). To further investigate the heterogeneity, a further
analysis was conducted at the level of family. Bivalvia included nine
families with four of them having only one record each
(Supplementary Table S1). Most of the families included species
of “commercial” or “highly commercial” interest (Supplementary
Material, List of marine species that have ingested MPs.xlsx). For the
rest five families, the mean value of MPs ingestion was estimated
and Veneridae (venus clams) had the highest mean values (7.32 +
2.72 MPs/ind, Q test, k = 7, p< 0.0001, and CI = 95%), followed by
Pharidae (4.96 + 0.49 MPs/ind, Q test, k = 2, p = 0.09, and CI =
95%), Mytilidae (3.23 £ 0.86 MPs/ind, Q test, k = 13, p< 0.0001, CI =

Study Mean [95% CI]
Neves etal, 2015.1 —— 16.98% 0.26[0.08, 0.44]
Neves etal, 2015.2 -~y 15.64% 0.57 [-0.02, 1.16]
Alomar et al, 2020.1 ] 17.94% 0.08[0.04,0.12]
Alomar et al, 2020.2 n 17.94% 0.19[0.16,0.22]
Alomar et al, 2020.3 —— 17.25% 1.73[1.36,2.10]
Pegado et al, 2021 _— 14.24% 2.40[1.71,3.09]
RE Model ——— d 100% 0.92[0.01, 1.82]

T T 1 1

0 08 16 24 32

Mean
FIGURE 7

Forest plot of the estimation of the mean MPs/ind for the
Elasmobranchii. The black box presents the mean value of MPs/ind
accompanied by a horizontal line of the standard error. The studies
(left part of the forest plot) are the studies used in the analysis. In
the right part, the mean value is presented with the Cl = 95% and
the weight for each record. The blue polygon presents the
estimation of the mean value in Cl = 95%
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95%), Ostreidae (3.03 + 0.94 MPs/ind, Q test, k = 5, p< 0.0001, and
CI = 95%), and Pectinidae (2.31 + 0.95 MPs/ind, Q test, k = 3, p<
0.0001, and CI = 95%) (Table 3). The exclusion criteria were applied
for Mytilidae and Ostreidae, and the new mean values of MPs
ingestion are presented in Table 3. Considering MPs ingestion for
all nine families (Table 3 and Supplementary Table S1), their mean
values ranged from 1.2 MPs/ind to 7.32 MPs/ind (soft tissue
analyzed). Gastropoda had a mean estimated value of 8.85 + 1.22
MPs/ind for the soft tissue of the specimens examined, with low
heterogeneity (Q test, k = 5, p = 0.1251, and CI = 95%).

Only one study examined Dosidicus gigas (D’Orbigny, 1835)
(Cephalopoda, family: Ommastrephidae), but it cannot be directly
compared with the other classes as different tissues were analyzed
(Supplementary Table S1).

MPs ingestion by Crustacea

Crustacea corresponded to two classes: Malacostraca and
Thecostraca (10 species) (Supplementary Material, List of marine
species that have ingested MPs.xlsx). Half of the examined species
had a “commercial” or “minor commercial” characterization, while
for the rest of the species, this information was lacking. The most
frequently examined species belonged to Malacostraca, while
Thecostraca had only one study examining one species of the
class with a mean value of 0.33 MPs/g (Supplementary Table SI).

Malacostraca were grouped based on the common
measurement unit (MPs per individual and MPs per gram) and
tissue analyzed (soft tissue and GIT). Malacostraca had an
estimated mean value of 3.02 MPs/g, although it could not be
compared with Thecostraca as results originated from different
tissues, and an estimated mean value of 1.03 MPs/ind for the soft
tissue analyzed (Table 4). For the records referring to the
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TABLE 2 Summary table of estimated mean values of ingested MPs for the families of Teleostei (Pisces).

Mean MPs/ind (+ SE) k, Cl = 95% Heterogeneity
Alepisauridae 3.49 2 High,
(lancetfishes) (+ 0.98) P< 0.0331
Callionymidae 227 4 High,
(dragonets) (+0.99) P< 0.0001
Carangidae 1.31 14 High,
(jacks and pompanos) (+0.35) P< 0.0001
Centrolophidae 1.71 2 -
(medusafishes) (+0.69)
Chirocentridae 2.43 2 -
(wolf herring) (+0.45)
Cichlidae 6.86 2 -
(cichlids) (£ 1.79)
Clupeidae 4.26 17 High,
(herrings, shads, sardines, menhadens) (+1.84) P< 0.0001
Engraulidae 2.77 9 High,
(anchovies) (£0.92) P< 0.0001
Exocoetidae 0.62 2 -
(flyingfishes) (+0.38)
Gerreidae 1.46 3 High,
(mojarras) (+0.85) P< 0.0001
Gobiidae 4.73 2 -
(gobies) (+0.29)
Leiognathidae 2.13 3 High,
(slimys, slipmouths, or ponyfishes) (+1.14) P< 0.0001
Lethrinidae 1.61 3 Low
(emperors or scavengers) (+0.29) P =0.3654
Leuciscidae (minnows) 5.76 2 -
(* 5.64)
Lutjanidae 1.50 5 High,
(snappers) (+041) P< 0.0001
Merlucciidae 0.97 2 -
(merluccid hakes) (+0.62)
Monacanthidae (filefishes) 4.58 2 -
(£ 2.60)
Mugilidae 32 10 High,
(mullets) (£ 0.79) P<0.0001
Mullidae 1.11 8 High,
(goatfishes) (+0.24) P< 0.0001
Muraenesocidae 1.58 2 -
(pike congers) (+0.82)
Percidae 2.66 2 -
(perches) (+2.61)
Platycephalidae 3.92 4 High,
(flatheads) (£ 2.09) P<0.0001
Pleuronectidae 1.98 3 High,
(righteye flounders) (+0.85) P< 0.0001
Priacanthidae 0.12 2 -
(bigeyes or catalufas) (£ 0.10)
(Continued)
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TABLE 2 Continued

Mean MPs/ind (+ SE) k, Cl = 95% Heterogeneity
Salmonidae 0.72 2 -
(salmonids) (+ 0.45)
Scatophagidae 9.82 2 -
(scats) (+ 4.05)
Sciaenidae 2.17 (+ 0.63) 8 High,
(drums or croakers) P< 0.0001
Scombridae (mackerels, tunas, and bonitos) 1.16 14 High,
(£0.21) P< 0.0001
Sebastidae (rockfishes, rockcods, and thornyheads) 1.73 4 High,
(+0.96) P< 0.0001
Serranidae 1.05 3 High,
(sea basses: groupers and fairy basslets) (+0.44) P< 0.0001
Siganidae 3.17 8 High,
(rabbitfishes) (+2.30) P< 0.0001
Sillaginidae 2.79 3 High,
(smelt-whitings) (+1.41) P< 0.0001
Soleidae 1.44 2 -
(soles) (+ 0.50)
Sparidae 4.13 14 High,
(porgies) (+2.38) P< 0.0001
Sphyraenidae 2.26 3 High,
(barracudas) (+1.58) P< 0.0001
Synodontidae 1.76 5 High,
(lizardfishes) (+0.78) P< 0.0001
Terapontidae 4.16 2 -
(grunters or tigerperches) (£ 1.34)
Triglidae 0.96 5 High,
(searobins) (£ 0.39) P< 0.0001

Mean values produced by the examination of GIT for all the studies and expressed as MPs/ind.

TABLE 3 Summary table of estimated mean values of ingested MPs/ind for the families of Bivalvia.

Mean MPs/ind (+ SE) k, Cl = 95% Heterogeneity Comment
Mytilidae 3.23 (+ 0.86) 13 High, p< 0.0001 Estimated mean value for all records included
(mussels)
Mytilidae 1.38 (£ 0.06) 6 Low, Estimated value after the application of exclusion criteria
p=03340
Ostreidae 3.03 (£ 0.94) 5 High, p< 0.0001 Estimated mean value for all records included
(oysters)
Ostreidae 1.95 (+ 0.13) 3 Low, Estimated value after the application of exclusion criteria
p=07073
Pectinidae 2.31 (£ 0.95) 3 High, Estimated mean value for all records included
(scallops) P< 0.0001
Veneridae 7.32 (£ 2.72) 7 High, Estimated mean value for all records included
(venus clams) P< 0.0001
Pharidae 4.96 (+ 0.49) 2 Low, Estimated mean value for all records included
P =0.09

Mean values produced by the examination of soft tissue for all the studies. Exclusion criteria were considered studies that were characterized as outliers.
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TABLE 4 Summary table of estimated mean values of ingested MPs/ind or MPs/g (column: Unit of measurement) for Malacostraca class of the

Crustacea.

Class Mean MPs/g or Unit of mea- k, Cl =
MPs/ind surement 95%

(+ SE)

Malacostraca 1.03 MPs/ind 4
(£ 0.25)

Malacostraca 4.77 MPs/ind 7
(£ 2.56)

Malacostraca 3.02 MPs/g 3
(+ 2.74)

Comment

Heterogeneity Tissue

High Soft Estimated mean value for all records
P< 0.0001 tissue included

High GIT Estimated mean value for all records
P< 0.0001 included

High GIT Estimated mean value after the application
P< 0.0001 of exclusion criteria

Mean values produced by the examination of soft tissue and GIT (column: tissue). Exclusion criteria were considered studies that were characterized as outliers.

investigation of MPs in the GIT of Malacostraca, the estimated
mean value was 4.77 £ 2.56 (Q test, k = 7, p< 0.0001, CI = 95%), four
times higher than the respective estimated mean value produced by
the records of the soft tissue. Although heterogeneity of the class
was high for all the subgroups analyzed, the further analysis in the
level of the families could not be applied.

MPs ingestion by Echinodermata

Echinodermata had the fewest records among the analyzed
groups, with only five records expressed in the same unit of
measurement of MPs content (MPs/g) and analysis of the same
tissue of the specimen (soft tissue). The findings referred to three
classes, where each class was represented by one family,
Pterasteridae (class: Asteroidea, starfish), Ophiosphalmidae (class:
Ophiuridea, brittle star), and Echinidae (class: Echinidea, sea
urchins); thus, in this case, the level of class and family coincided.
Echinidae had species that were characterized as “commercial,”
while the species of the rest of the families had no commercial
interest (Supplementary Material, List of marine species that have
ingested MPs.xlsx). Paracentrotus lividus (Lamarck, 1816)
(Echinidae) was the only commercial species and had findings
expressed as MPs/ind and MPs/g (as the other classes/families of
different groups); thus, they were selected to be presented in
Supplementary Table S1.

Study Mean [95% CI]
Courtene-Jones et al, 20171 L] 47.46% 1.15[1.01,1.29]
Courtene-Jones et al, 2017.2 - 21.73% 1.58[1.34,1.82]
Courtene-Jones et al, 2019.1 —_— 1.88% 3.86[2.79,4.93]
Courtene-Jones et al, 2019.2 HH 27.95% 262[2.36,2.88]
Hennicke et al, 2021 — 0.98% 1.95[0.46, 3.44]
RE Model = 100% 1.56[1.37,1.76]
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FIGURE 8

Forest plot of the estimation of the mean MPs/g for the
Echinodermata. The black box presents the mean value of MPs/g
accompanied by a horizontal line of the standard error. The studies
(left part of the forest plot) are the studies used in the analysis. In
the right part, the mean value is presented with the Cl = 95% and
the weight for each record. The grey polygon presents the
estimation of the mean value in Cl = 95%.
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Based on the data, the overall estimated mean value of
Echinodermata was estimated for the soft tissue analyzed and was
1.56 + 0.10 MPs/g (Q test, k = 5, p< 0.001, CI = 95%) (Figure 8). No
further analysis was conducted as the sample size of the group was
considered small.

Summarizing the findings of the analysis (Table 5),
Malacostraca had the highest mean value of MPs/ind, followed by
Teleostei and Elasmobranchii. When soft tissue was analyzed,
Gastropoda had the highest mean values of MPs/ind, followed by
Bivalvia and Malacostraca. Echinodermata had the fewest records
among the examined groups with the overall mean value of the
group 1.56 MPs/g (soft tissue analyzed). Concerning the mean
range of MPs ingestion among the families for each class (when
applicable), Teleostei had the widest range expressed in MPs/
ind (GIT).

Discussion
Description of the dataset

Under this review, the occurrence of MPs ingestion by marine
organisms covered a period of 49 years. The research interest began
to grow substantially starting in 2016 when the number of
published articles focusing on MPs ingestion by marine fauna
starting from a few studies in 2015 was doubled and continued to
increase almost exponentially through 2021 (Figure 2 left); similar is
the trend in the incidents of ingestion assessed within the articles
(Figure 2 right).

Similar findings for MPs-related literature have been previously
published (Barboza and Gimenez, 2015; Qin et al., 2020). The
overall growth of the research literature could be linked with the
policy landmarks related to plastic pollution. In 2015, the UN
General Assembly launched the Sustainable Development Goals
(SDGs) (UN RES/70/1, 2015). SDG 14 targeted the reduction of
marine pollution, including an indicator [14.1.1(b)] devoted to
reducing plastics and MPs density in marine habitats. At the
European level, the Marine Strategy Framework Directive
(Directive 2008/65/EC) included Descriptor 10, which is devoted
to marine litter, while the related criterion D10C3, as defined in a
European Commission Decision in 2017, depicts the urgency of
highlighting microliter ingestion by marine organisms and
maintaining it at a level that does not negatively impact them
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TABLE 5 Summary table of the findings produced by the meta-analysis
applied for Pisces, Mollusca, Crustacea, and Echinodermata.

Group/class Mean MPs ingestion

of the Class
Pisces
Elasmobranchii 0.92 + 0.46 se (MPs/ind) (GIT)
Teleostei 2.87 £ 0.57 se (MPs/ind) (GIT)
Mollusca
Bivalvia 3.64 + 0.50 se (MPs/ind) (soft tissue)
Gastropoda 8.85 + 1.22 se (MPs/ind) (soft tissue)
Crustacea
Malacostraca 1.03 + 0.25 se (MPs/ind) (soft tissue)
Malacostraca 4.77 + 2.56 se (MPs/ind) (GIT)
Malacostraca 3.02 + 2.74 se (MPs/g) (GIT)
Echinodermata 1.56 + 0.10 (MP/g) (soft tissue)

(Commission Decision 2017/848/EC and European Commission,
2017). In 2015, (Directive 2015/56/EC, European Commission,
2015) for the mitigation of plastic bags was introduced, which
although not directly related to MPs, it considered the production of
smaller plastic particles through degradation (“oxo-degradable
plastic carrier bags shall mean plastic carrier bags made of plastic
materials that include additives, which catalyze the fragmentation of
the plastic material into micro-fragments). Thus, recent policies
combined with the overall effort of the research community
highlighted the urgency of quantifying and monitoring MPs
ingestion by marine fauna.

MPs ingestion across marine fauna

More than 1,000 marine species were examined for MPs
ingestion, while at least 822 marine species have been reported to
have ingested MPs. In a few studies, MPs ingestion was described for
a group of different species, while in other cases, only the common
name was referred; thus, those records were excluded for identifying
the number of total species that examined and had ingested MPs.
Previous literature reviews referred to 208 marine species of verified
MPs ingestion (Gall and Thompson, 2015), followed by 494
examined species with 67% to have ingested MPs (Markic et al.,
2020), and, most recently, 555 fish species (Savoca et al., 2021) and
568 species including both marine and freshwater ones (Hossain and
Olden, 2022) were documented as having ingested plastic litter

The overall increase of marine species found to have ingested
MPs could be expected as derived from the raise of published
articles and records of examined species within articles.

The occurrence of MPs ingestion was investigated in marine
species from 29 classes and 332 families, while the most frequently
examined class was Teleostei (Pisces) with a mean value of 10.2
species examined per article. The latter could be expected, as
Teleostei are the largest group within vertebrates consisting of
approximately 70 orders and 500 families (Ravi and Venkatesh,
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2018). Additionally, several species of the Teleostei class have been
proposed for MPs biomonitoring at a regional level or have been
commonly used as bioindicator species for other pollutants (such as
metals and additives) (Bray et al., 2019; Zhang et al., 2020; De Witte
et al,, 2022). Similarly, Mollusca and especially Bivalvia have been
widely examined for MPs ingestion. Mussels have been globally
accepted and proposed as small-scale bioindicators, as they are
considered appropriate species for estimating the level of
contamination (Fossi et al., 2018; Li et al., 2019; Cho et al.,, 2021;
Ding et al., 2021). Crustacea studies followed in the aspect of total
numbers examining MPs ingestion. On the contrary, Aves had
fewer studies than Crustacea and Mollusca but produced a higher
number of species examined. Aves have been already used as a
bioindicator for monitoring plastic ingestion with Fulmarus
glacialis (Linnaeus, 1761) being a well-known example of regional
biomonitoring in the North Sea (Galgani et al., 2010).

The total percentage of species that had ingested MPs (Figure 5)
was considered high, as almost 80% of the total examined species
had ingested at least one MP item. It is also important to mention
that studies with no significant findings, where MPs ingestion was
not detected or occurred in very low levels, might have been
underrepresented in the literature (publication bias) and may
have affected the estimations (Miiller, 2021; Salerno et al., 2021).

Ingested MPs characterization

The total number of MPs and MPs characteristics (type, size,
color, and polymer material) of the most frequently found MPs
were retrieved. The sample size of the analyzed specimens could
explain the high number of found MPs, although the conditions
occurring in the species’ habitats may also be a contributing factor
(Mohsen et al., 2019; Lozano-Hernandez et al, 2021). High
abundances of total retrieved MPs came from species sampled
from coastal areas and semi-enclosed basins that are highly
urbanized areas and constitute reservoirs of intense MPs presence
(Llorca et al., 2020; Wang et al., 2020; Martellini et al., 2018; Song
et al., 2018). Fibers were the most dominant type of found MPs
across all groups examined, in line with previous studies. Fibers, due
to their high abundance and small size, may have wide effects on
many organisms (Bajt, 2021; Rebelein et al., 2021). MPs most
frequent size class was “< 1 mm,” mostly referring to fibers, a
result previously highlighted by other studies (Lim et al., 2022). As
the “smallest” size classes of MPs potentially may be present among
all sizes of organisms (Wright et al., 2013), the MPs size affects the
occurrence of MPs ingestion and could be a valuable measurement
for various research scopes, such as selective feeding-focused studies
or research on the ingestion or transfer of plastic additives
(ASmonaite et al., 2018; Lehtiniemi et al., 2018).

MPs color had a wide range of descriptions and appeared as the
most subjective MPs descriptor. The difficulty occurred when more than
one color was used to characterize the shade of a MP item (e.g.
transparent/white and blue/green) or the color was characterized based
on its brightness (e.g. light, dark), thus, summarizing those findings was
challenging. Under this review, black was reported as the most frequently
reported color, followed by blue and transparent. However, this result
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obtained with the precondition that all other descriptions not clearly
defining the color were excluded. A recent review by Lim et al. (2022)
focusing on ingested MPs characteristics by fish concluded that blue is
the most frequently found color, followed by black and transparent. The
differences between the findings of this study and the previously
published could possibly be explained by the exclusion approach that
was applied for the description of the color (Lim et al, 2022). The
weathering of MPs before ingestion is expected to affect the overall
appearance of MPs, including color (Liu et al., 2020; Alimi et al., 2022).
The importance of the color of MPs has previously been related to the
feeding selectivity where MPs resemble prey items (Andrady, 2015; Zhao
etal, 2022). As color is a description based on visual observation, the use
of a standard color scale could contribute to the improvement of
comparability among different reports (Andrady, 2015).

PE was the most abundant polymer material ingested by marine
fauna, followed by PA and semi-cellulose. PE [as both high density
(HDPE) and low density (LDPE)] dominates the plastics market and as
its density is lower (p _ 0.91 g/cm®-0.95 g/cm’) than the average
seawater density is mainly floating on the sea surface (GESAMP, 2019).
Higher density MPs, such as PA (p = 1.02 g/cm’~1.15 g/cm?) are more
likely to sink in the water column and end up on the benthic habitats
(GESAMP, 2019); thus, their presence in Echinodermata could be
explained as they are benthic organisms. It should be mentioned that
MPs less dense than water as PE could also be present in seafloor as
biofouling increases their density or when included in fecal pellets after
ingestion and marine snow (Erni-Cassola et al, 2019). MPs
composition was a descriptor provided for a small number of
studies. This could be explained by the fact that polymer analysis
was usually applied to a subset of the total number of MPs found, and
in the case of studies with several species, the correspondence between
the MPs material and the specific species may be lacking. Another
reason could be that the chemical characterization of MPs requires
specialized equipment and protocols, while their type, size, and color
can commonly be identified through visual observation using stereo-
(or dissecting) microscopy, which is considered more accessible and
potentially cost-effective (Primpke et al., 2020a; Primpke et al., 2020D).

Meta-analysis of MPs ingestion

The retrieved data used in the meta-analysis came from studies
conducted in coastal water rather than in pelagic habitats (Figure 6).
Previous findings focusing on plastics and MPs ingestion by fishes also
suggested that, commonly, the coastal habitats were more representative
than the pelagic and spatial differences of MPs ingestion have been
reported (Savoca et al,, 2021; Zazouli et al., 2022). Thus, regional action
plans and national strategic measures on monitoring MPs pollution
incorporating grounds of important commercially species could also act
as an important tool for identifying and tackling the potential MPs
intake by marine organisms (UNEP, 2018).

In a primary effort to examine MPs ingestion among the different
groups and based on their taxonomic level, the MPs ingestion records
were grouped by the measurement units and tissue examined. Several
classes or families had findings from only one study; thus, they could
not be analyzed further (Supplementary Table SI). When the
gastrointestinal tract was analyzed, Malacostraca had the highest
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values, followed by Teleostei and Elasmobranchii. Unfortunately, not
comparable records were available for Bivalvia that constitute a class
with commercially important representative species. For the records
that soft tissue was analyzed, Gastropoda had the highest mean values
of MPs/ind, followed by Bivalvia and Malacostraca (Table 5). Once
again, this finding could not be directly compared with Teleostei that
was the most frequently examined class.

In general, based on the data retrieved from the publications
and the analysis conducted, it is evident that standardized reporting
could contribute to the quantification of MPs ingestion and, thus,
potentially the strengthening of understanding the issue of MPs
ingestion. Especially, through the process of retrieving data for
meta-analysis purposes a significant number of studies were
excluded as the necessary information was not reported and
could not be estimated by the provided data. More detailed
available information could benefit future approaches focusing on
examining the origin of the heterogeneity among the groups,
highlighting possible differences between the taxonomic levels as
previously reported (Sanchez-Hernandez, 2020).

Under this review, species of Pisces (Teleostei) was the most
frequently examined and recorded with MPs. The mean value of
Teleostei was 2.87 MPs/ind, while similar findings (2.76 MPs/GIT)
have been reported from Zazouli et al. (2022), including species of
open- and closed-water bodies.

The consumption of food commodities contaminated with MPs
have raised concerns, as they could pose a threat to human health
(Garrido Gamarro and Costanzo, 2022); however, studies examining
MPs abundances in edible tissue of fishes were scarce (Akhbarizadeh
et al,, 2019). Several groups such as sardines, anchovies, herrings, and
sprats belong to fishes that in cases could be further processed and
consumed as a whole (Karami et al., 2017) had their estimated mean
values ranging from 2.77 MPs/ind to 4.26 MPs/ind (Table 2). Recently,
Danopoulos et al. (2020) meta-analyzed the ingested MPs by several
groups such as anchovies, sardines, lance, and so forth, focusing on
their potential consumption by humans and produced summary
results expressed in MPs/g, thus without further transformations no
comparison could take place with the results of this study. For the
species of Bivalvia, the digestive tract is not usually removed and, thus,
is eaten (Renzi et al,, 2018) and have been recognized as the main
source of MPs intake through seafood consumption (Garrido Gamarro
et al,, 2020; Garrido Gamarro and Costanzo, 2022). The estimated
mean value of the class was 3.64 MPs/ind with high heterogeneity
(Table 3). For mussels and oysters that the sample size was appropriate,
the exclusion criteria (see Material and Methods) were applied, and the
new estimated values of mean MPs/ind were in both cases smaller than
the primary estimates (Table 3). The diversity among laboratory
procedures and the selected sample size have already been
mentioned that could add an overestimation to the findings of the
meta-analysis (Hanke et al,, 2013; Bai et al., 2023).

Malacostraca had both records for soft tissue and GIT of the
examined specimens, and the latter was estimated three times higher
than the mean estimated values for the soft tissue (MPs/ind). Previous
findings have highlighted the higher abundances of MPs in inedible
tissues (such as GIT) (Daniel et al, 2020). Among the examined
groups, Echinodermata had the fewest records for the meta-analysis
purposes expressed in MPs/g, highlighting the difficulty of comparing
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the findings among the groups as the same measurement unit and
analyzed tissue was only applied in a class of Crustacea.

The lack of information about specific classes and families
also made difficult the investigation of factors that could affect MPs
consumption at a lower taxonomic level. Although the number of
the scientific publications related to MPs ingestion is increasing and
the gaps of knowledge about MPs ingestion by marine fauna have
been partially covered throughout the last years, the need for
harmonized protocols that has been previously highlighted, as
well as the improvement in the accuracy of the findings is still
remaining (Bessa et al., 2019; Dehaut et al., 2019; GESAMP, 2019;
Lusher et al., 2020; Primpke et al., 2020a; Provencher et al., 2020).
Future efforts of the scientific community, addressing or taking into
consideration those challenges, could contribute on improving the
understanding about MPs ingestion.

Conclusions

Within the reviewed studies, the MPs were examined in more
than 1,000 marine species and MPs ingestion was confirmed in at
least 822 species. The most researched class was Teleostei. The most
abundant MPs were fibers, less than 1 mm in size, of black color,
and composed of PE. The estimated mean of MPs/ind ingestion
quantities varied among the different taxonomic groups, and high
heterogeneity was presented between and within different classes.

Based on the current focus of the scientific community on the
MPs ingestion, the harmonization of the protocols is important to be
empowered and implemented, as it could not only mitigate the
heterogeneity among the findings but could also provide a better
understanding of the issue. Various marine organisms are important
seafood worldwide, and the potential exposure of humans through
consumption has been verified. Thereof, the monitoring of the MPs
ingestion by marine organisms is crucial to mitigate the negative
effect on marine species but also humans. Finally, building analytic
approaches considering the different variables that affect the ingestion
of MPs by marine organisms (such as feeding grounds, feeding
strategy, age of the organisms, and the spatial distribution of MPs
in the marine environment) could also be a valuable approach.
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