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Abstract: Microplastics (MPs) have received increasing attention in the last decade and are now
considered among the most concerning emerging pollutants in natural environments. Here, the
current knowledge on microplastic ingestion by wild freshwater fish is reviewed with a focus on the
identification of possible factors leading to the ingestion of MPs and the consequences on fish health.
Within the literature, 257 species of freshwater fishes from 32 countries have been documented to
ingest MPs. MPs ingestion was found to increase with rising level of urbanization, although a direct
correlation with MPs concentration in the surrounding water has not been identified. MPs ingestion
was detected in all the published articles, with MPs presence in more than 50% of the specimens
analyzed in one study out of two. Together with the digestive tract, MPs were also found in the
gills, and there is evidence that MPs can translocate to different tissues of the organism. Strong
evidence, therefore, exists that MPs may represent a serious risk for ecosystems, and are a direct
danger for human health. Moreover, toxicological effects have also been highlighted in wild catches,
demonstrating the importance of this problem and suggesting the need for laboratory experiments
more representative of the environmental situation.

Keywords: plastic pollution; microplastic ingestion; trophic transfer; food webs

1. Introduction

The high level of the worldwide production of synthetic polymers [1] and the widespread
presence of their products in everyday life had made plastic the most abundant man-made
product in the environment. The first alarming reports of plastic pollution aroused during
the 1970s in the Sargasso sea [2], in coastal water around England [3], and the Northwest
Atlantic [4]. In 1972, Carpenter and colleagues had already described the presence of different
types of polystyrene spheres with an average diameter of 0.5 mm, covered with bacterial
biofilm and with polychlorinated biphenyls adsorbed from the seawater, actively ingested by
several fish species [3]. Since then, the attention paid by the research community has increased
exponentially, and currently, microplastic particles (namely, plastic particles with dimensions
between 5 mm and 1 pum, hereafter abbreviated as MPs, [5]) are among the emerging pollutants
which most alerts scientists, decision-makers, and public opinion. Seawater has received
much more attention than freshwater [6,7] and other environmental compartments such as
air and soil [8]. The plastic issue is explicitly addressed only in the European Marine Strategy
Framework Directive (MSFD, [9]), but not in other directives, for example, the eight years older
European Water Framework Directive (WFD, [10]). The higher attention posed on marine MPs
is not due to the presence of higher concentrations in seawater in respect to other environments,
as recently shown for freshwater and soil [11-13], and this increased attention has led to a
better understanding of the MPs toxicity in aquatic ecosystems [14]. A comprehensive review
of the literature relating to MPs pollution shows that fish are the most commonly studied
group of organisms (38%), especially within studies that assess ingestion in wild catches (27%).
Among the latter, marine species were predominant [6]. Furthermore, due to the capability
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of responding to anthropogenic and climatic pressures [15,16] and their accumulation of
pollutants [17-20], fish have been considered good bioindicators for water quality assessment
for many decades [21-24] and are currently used in many European countries as an indicator
taxon for the assessment of the ecological status of water bodies according to the WFD [16,24,25].
Together with their wide distribution and ecological importance [26,27], they are also valuable
resources for human consumption and popular in sport fishing, and so they are, at least
potentially, useful organisms for monitoring purposes.

The possibility of using fish for MPs biomonitoring is, however, still under discussion.
For instance, preliminary investigations for the marine environments have been undertaken
for Konosirus punctatus and Mugil cephalus [28], Boops boops [29,30], or other species living
in the Mediterranean Sea [31]. However, deeper studies should be done in order to choose
the most representative species for MPs monitoring, as suggested by a recent publication
that tried to design, from the available reports in the literature, an index to identify the best
species for every environment [32]. In addition, specific studies testing the suitability of
cosmopolitan species as bioindicator organisms for MPs pollution are scarce, especially
in freshwater environments where only one attempt has been carried out [33]. The choice
of the most suitable species should consider different species characteristics and among
these, its wide distribution is one of the most prominent because it allows comparisons
between different locations/areas and the setting of large-scale monitoring networks [34].
Since fish life-history traits vary among and within species as well as among environmental
conditions, the selection of indicator fish species and specimen characteristics (i.e., size/age,
period of sampling) for biomonitoring purposes is a critical issue, especially because the
specific mechanisms behind MPs ingestion are still overlooked.

Another major research gap within the MPs pollution investigations is the discrepancy
between the characteristics of MPs utilized during toxicity essays and those found in the
environment. Although freshwater fish are the organisms mostly utilized in laboratory
experiments [35] probably because of their ease of breading, many aspects of the in-vitro
studies done so far, in terms of environmental relevance, are questionable [36]. Discrepan-
cies between laboratory and environmental conditions are, for example, (i) concentrations
frequently used in in-vitro assays are frequently much higher than those found in the
environment, and this could lead to experimental artifacts [37]; (ii) the involvement of
very few other co-occurrent pollutants, when the complexity of the pollution status of the
aquatic environments suggest that more complex contaminant matrix should be included
in toxicological studies [38]; (iii) the investigation of short term exposure effect, compared
to the lifetime of the hazard in nature [39]; (iv) the utilization of microbiologically clean
MPs, when the possible danger represented by the biofilm presence and its composition has
now been well described [40,41]. Since toxicological investigations that tried to counteract
some of these aspects into account are still few [39,42,43], it is important to consider the
possible harmful effects related to microplastics that can be highlighted by studies on
wild catches.

In the past years, reviews have been published about MPs pollution in fish, mainly
referring to marine species [44,45], or discussed together with other environmental com-
partments in well defined geographical areas, like the Meditteranean sea [46], the Indian
coasts [47], or the Yellow sea in China [48]. Others are related to the possible health risk
for humans due to the consumption of fish and seafood [49-51]. Finally, many tried to
summarize the results obtained from laboratory trials [35,52-54]. Review about microplas-
tic ingestion by freshwater fish exist, but are now quite old [55] or failed to summarize
MPs presence in other organs and the effects on fish health [56], although giving a detailed
summary of the methods for MPs extraction and characterization (for this reason not
reviewed herein).

To outline the general framework of the current knowledge on this topic, evaluate the
possible factors that could make fish a good proxy for MPs pollution, and assess whether it
is possible to underline toxicological effects in free-living specimens, this review aims at:
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(i) summarize the data published in the scientific literature relating to MPs ingestion,
entanglement in the gills, and translocation to other organs, in wild freshwater;

(ii) outline potential factors that can trigger MPs ingestion;

(iii) describe the effects on health status that have been reported examining freshwater
fish wild catches.

2. Methods

A search within the published literature was conducted in the Web of Knowledge
database using the term “microplastic* AND fish*” on the title, abstract, and keywords on
10 May 2021. An explanatory flow chart of the decisional process used to include/exclude
articles adopted in the present review is reported in Figure S1 (Supplementary Materials).
The retrieved literature (a total of 1552 articles) was examined individually: only original
research articles presenting new data about MPs pollution in fish, published in scientific
journals and English language were firstly considered (442 articles). Among these, a
subsequent subdivision was done between marine (257) and freshwater (185) species and
laboratory (61 and 110 respectively) or field studies (195 and 75 respectively). Articles
studying only marine species and those performing laboratory trials were considered only
for bibliometric statistics (chapter 3). Articles focused on estuarine environments were
considered in the present review if also freshwater species were considered, and only
results about freshwater species were, when possible, extrapolated and reported here. For
the assessment of the living preferences of species, the database FishBase (www.fishbase.se,
accessed between 10 and 31 of May 2021) has been used. Moreover, while reading the
literature retrieved, references reported were also controlled and eventually included
(5 articles). Ultimately, 79 papers were considered for the writing of this review. Only for
the purpose of discussion, some marine fish articles have been commented, but are not
the subject of the statistics presented and results are not listed in the tables and figures
here presented.

3. Freshwater Fish Species in the Literature

Although the microplastic pollution problem emerged in the 1970s, evidence of MPs
ingestion by fish appeared only in 2010 as a result of the analysis of the stomach content of
several marine fish species from North Pacific Central Gyre [57]. The first evidence of the
ingestion in freshwater environments, instead, appeared only from 2013, when the possible
toxicological effect exerted by either virgin or chemical-adsorbed MPs was first pointed
out on the model organism Oryzias latipes [58] and when Sanchez and colleagues analyzed
the contamination levels of the wild gudgeon (Gobio gobio) in French rivers [59].

Since then, 443 original research articles reporting MPs ingestion by fish were pub-
lished, with a majority (62%) focused on marine species and only a minority (38%) specifi-
cally focused on freshwater species (Figure 1). Although this research field has received
growing attention and a solid body of evidence have been built in the past decade, the
level of MPs ingestion by freshwater fishes is still poorly investigated if compared with
marine species: only 14% of the total number of publication are related to freshwaters,
in respect to the 48% that studied marine species. The literature reports about MPs in-
gestion in 257 different species, with studies from over 32 different countries (Figure 2).
The most studied species was the common carp Cyprinus carpio, which has been in-
cluded in 12 different publications in rivers, lakes, and estuarine environments from
6 different countries, while the species that has been studied over a wider territory is
the Nile tilapia (Oreochromis niloticus) that have been considered in eight different coun-
tries (Table S1 in Supplementary Materials). Studies were conducted in a vast geographic
area, covering all the continents: Asia (25 publications), South America (18 publications),
Europe (16 publications), North America (10 publications), Africa (7 publications), and
Oceania (2 publications). The nation with the highest number of publications was China
(15), followed by Brazil (13), and United States (8). In China and Brazil, the nations in
which the research effort has been deeper, plastic ingestion has been investigated in 68 and
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67 different species, respectively, whereas in the other countries, the numbers were lower
(Figure 2B and Table S1 Supplementary Materials).
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Figure 1. The number of original research articles published on freshwater (full-color) and marine
(striped) species in laboratory (blue) and field (orange) studies.
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Figure 2. World map with the number of publications about MPs ingestion in freshwater fish (A), the number of species (B),

and the number of specimens analyzed each species (C).

Together with the assessment of ingestion by wild fish populations, a remarkable
amount of publications (39%) reported about laboratory studies in which fish were reared
with an MPs supplemented diet to unveil MPs toxicity mechanisms. Within this field,
freshwater species have had great attention, probably because of their easier breeding con-
dition. A total of 28 different species have been used to assess MPs toxicity in 111 different
publications. The most frequently utilized model organism is zebrafish Danio rerio (36% of
the publications), followed by Japanese rice fish Oryzias latipes (10%) and rainbow trout
Oncorhynchus mykiss (8%).

4. MPs Ingestion

The accumulation of MPs in the freshwater fish digestion tracts of field-based studies
has been assessed. All of the 79 works retrieved from the literature search reported about
MPs presence in the gastrointestinal tract. In fact, research about microplastic ingestion in
wild catches is mainly based on the gastrointestinal tract, which is considered an external
route in continuity with the environment from the mouth to the anus of fishes [60]. Among
the 79 articles published, several (32, 40% of the total) do not perform any kind of chemical
analysis on the particles isolated [12,59,61-90]. Visual observation can be misleading, and
more importantly, the calculated value of MPs presence could be either an under or an
overestimation of the actual number of MPs and, therefore, it is not comparable. For these
reasons, general results from the articles that missed a chemical control have been discussed
in this review, but their values of MPs contamination are not summarized in Table 1.

Freshwater bodies investigated were mainly rivers (35 publications), but studies on
lakes (14 publications), estuarine environments (18 publications), aquaculture ponds (5
publications), wetlands or mangrove forests (4 publications), and drinking water reservoirs
(4 publications) were also conducted (Table 1). In twenty-five studies MPs were found in
more than 50% of the individuals investigated, and in twelve of these, have been found
environments or species in which MPs were present in more than 90% of the specimens
(e.g., [91-96]). Just in ten works were MPs observed in a percentage equal to or lower
than 20% (Table 1, e.g., [97-103]). MPs abundance ranged from values of 0—4 particles per
individual [104-108] to maximum observations of ~6-30 items per fish [92,93,109-111]. The
overall MPs morphologies more frequently observed were fibers that have been identified
in more than 80% of studies. Chemical characterization of particles occurred in 57% of
works analyzed and polymers like PE, PS, PP, rayon, nylon, PES, cellophane, acrylonitrile,
and fibers of natural origin [109] were often identified.
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Table 1. Overview of studies investigating the MPs gut/stomach content in wild freshwater fishes. MPs presence is indicated as MPs per individual (particles/fish). For each study, the
species investigated, the number of specimens analyzed, the environment sampled, and the values of MPs occurrence, abundance, polymer, and are reported. When available, ranges of
MPs concentration among different species or sampling sites are reported as well as polymers identified and morphologies. In order to be comparable, only studies involving one step of
chemical confirmation of the synthetic nature of the particles counted are listed.

Species Freshwater MPs Occurrence MPs Abundance Polvmers Tvoe Ref
P Environment (%) (Particles/Fish) y M ’
Lake Maggiore, L. Garda, 1.24 + 1.04-5.59 + 2.61 PE (32%), PA (32%), PET Fragments, films, beads
Perca fluviatilis (80 specimens) L. Como and L. Orta, 86 (75-95) (range of the different (15%) I;C, (15%) I;)SI (6%) (fibers were not [112]
Italy environments) o o ? considered)
Oreochromis niloticus (farmed fish, 18 Magdalena River, 44 0. niloticus (farmed)
specimens), Prochilodus magdalenae, and Bache River, and 75' Prochilodus s 2.1 & 1.26 (considering PET (30.56%), PES Mainly fragments [104]
Pimelodus grosskopfii (natural fish, 6 aquaculture farms, p- only the fish with MPs) (22.22%), PE (8.33%) yrag
. . (natural source)
specimens each) Colombia
Oreochromis niloticus (15 specimens) RES.EI‘VOII‘ O.f the At.o yac 53.67 24 PA, PES, syntheticCP, Fibers (100%) [109]
River basin, Mexico
Cyprinus carpio, Pelteobagrus fulvidraco,
Mystus macropterus, Pelteobagrus vachelli Lijiang River, China 81 0.6+0.6 PET Flakes, fibers [113]
(84 specimens in total)
6.14 + 3.80 O.
Micropterus salmoides, Oreochromis Aquaculture ponds, mossambicus .
mossambicus (21 specimens in total) China 100 39.64 + 23.38 M. cellulose, PF, PE Fibers [51]
salmoides
Oncorhynchus clarkii b(.)uvzerz,. Salvelinus Yellowstone Lake, USA 33 % na Polysulfide rubber, na [114]
namaycush (10 specimens in total) cellulose
) . . Paraiba do Sul River
19 species (218 specimens in total) basin, Brazil 2.75 n.a PE, PP n.a. [102]
Periophthalmus waltoni (14 specimens) Mangrove forests, Iran 57 n.a PS, PP, PET, LD-PE, PA § n.a. [115]
. PE (33.3%), PP (30%), PS .
. . Ciliwung Estuary, o Fibers (46.61%),
Aplocheilus sp. (60 specimens) Indonesia 75 1.97 (23.3), I’(}§S3‘()/1§) %), CA fragments (39.83%) [105]
Neogobius melanostomus (417 specimens) Rhine River, France 0.24* - resin - [116]
. River Slaney catchment, Fibers (67%), fragments
Salmo trutta (58 specimens) 66 1.88 +1.53 PS (20%), PEUU (15%) o [106]
Ireland (25%)
Fragments (30.43%),
Piaractus brachypomus (32 specimens) ~ Vembanad estuary, India 26 n.a PP, Nylon 6 fibers 52.17%, foams [100]

17.39%
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Species Freshwater MPs Occurrence MPs Abundance Polvmers Type Ref
P Environment (%) (Particles/Fish) y M )
Clarias gariepinus, Cyprinus carpio, 4 (median)
Carassius carassius, Oreochromis niloticus Lake Ziway, Ethiopia 35 PP, PE and alkyd-varnish n.a [117]
. . (range 1-26)
(180 specimens in total)
Monopterus albus (48 specimens) Aquacg‘ilrrz ponds, na 24408 PE (91%), PP (7.8%) Films, fibers [118]
Cyprinus carpio, Carassius auratus, 99+134(73+73
Pseudogobio esocinus, Micropterus Han River (in the vicinity upstream and 12.4 £ o o o
salmoides, and Zacco platypus (14 of a WWTP), Korea %3 17.9 downstream the PE (49%), PP (18%) Fragments (97%) [93]
specimens in total) WWTP)
L o o Fibers (65%), films
Oreochromis niloticus, Bagrus bayad (43 P 75.9 O. niloticus 7.5+ 4.9 O. niloticus o !
specimens in total) Nile River, Egypt 78.6 B. bayad 4.7 + 1.7 B. bayad PE, PET, PP (265 /0()é g‘;g)ments [119]
Hemiculter leucisculus,
Hypophthalmichthys molitrix, Carassius Rivers 30 km north of Fibers (86%), fragments
auratus, Cyprinus carpio (126 specimens  Yuyao, China Plastic City na 1.9-6.1 PL, PP (14%) [120]
in total)
Leiognathus equulus, Pomadasys argenteus, . o
Oreochromis niloticus (27 specimensin ~ Fengshan River, Taiwan n.a 14-94 PP, PA, PE Fibers ( ?E) 5/ B)é/f)ragments [110]
total) ?
Cyrinus carpio, Carassius cuvieri, Lepomis
muc’rochzrus, Micropterus salmoides, Han River, Korea 100 220+ 16.0 PETE, PE and rayon Fragments (>094 %), fibers [92]
Silurus asotus, Channa argus (6 (~6%)
specimens in total)
2.666 + 2.233-1.333 £
. . 0.577 (range of the
Chanos chanqs 3 specimens in each Aquaculture.pons, na different ponds, both gut PP and PE Fragments [121]
location, 18 in total) Indonesia .
and gills were
considered together)
Leiognathus sp., Ambassis ambassis, Cochin estuary, India 21 n.a. nylon, CP, PE blends § n.a [122]

Clarias batrachus (38 specimens in total)
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Table 1. Cont.

Species Freshwater MPs Occurrence MPs Abundance Polvmers T Ref
P Environment (%) (Particles/Fish) y ype )
Cynoglossus trigrammus, Glossogobius
giuris, Boleophthalmus pectinirostris, PET (38.2%), PP-PE
Acanthogohzus ﬂawmqnus, .Mumeﬁe.sox Pearl River Estuary, 0.2-0.88 (range of the copolymer (27.3%), CP Fibers (93.45 /o),.
cinereus, Bostrychus sinensis, Taenioides China n.a different species) (25.5%), poly fragments (5.95%), films [108]
anguillaris, Mugil cephalus, Polydactylus p (acrylonitrile) (3.6%), PP (0.60%) §
sexfilis, Coilia mystus, Leiognathus (1.8%), PE (1.8%) §
ruconius (152 specimens in total)
3 O,
Pozas Ustria and Navio lf;;argleer:tss ((525?;;))
14 species (154 specimens in total) mangrove ecosystems, 7 n.a Nylon, EVA, latex nglms (19%) ’ [123]
Colombia Foams (3%) §
Fibers (70%),
. . . Zhanjiang mangrove 0.6-6.5 (range of the PE (35%), PET, PP, PS, Fragments (18%) Film
14 species (45 specimens in total) wetland, China 100 different species) PU, PA CP (9%) [124]
Pellet (3%) §
. .. . St. Lucia, Umgeni,
Ambassis dussumieri, Oreochromis Durban Harbour and rayon (70.4%), PE Fibers (68%)
mossambicus, Terapon jarbua (174 .. . 528 0.787 +1.00 8 (10.4%), nylon (5.2%) Z 5 [107]
ecimens in total) Isipingo esturaines, PVC (3.0%) § Fragments (21%)
P South Africa ’
. . . Greater Melburne Area . .
Gambusia holbrooki (180 specimens) . . 3.3-38.3 0.18 £ 0.84-1.13 + 1.57 PL, Rayon Mainly fibers [33]
Rivers, Australia
. Agricultural ponds
Monopterus albus, Misgurmnus (Rice-fish co-culture na 0.0 4+ 0.04.7 + 0.9 PE, PP Mainly fibers [125]
anguillicaudatus (66 specimens in total) .
plants), China
Prochilodus lineatus (21 specimens) Parana River, Argentina 100 9.9 na. Mainly fibers [94]
Gobio gobio (78 specimens) Flemish River, Belgium 9 n.a. EVA, PP, Plgi PVC, PVA, Fibers, foams, films [103]
Serrasalmidae, 16 species (172 specimens . . . PE, PVC, PA, PP, PMM, Filaments (53.1%),
in total) Xingu River, Brazil 267 n-a RY, PET fragments (46.9%) 571
Hypophthalmichthys molitrix,
Ctenopharyngodon idella, Megalobrama PET (37.2%), PE (23.1%), . o
hoffmanni, Squaliobarbus curriculus Pearl River Catchment ethylene-propylene Fibers (49.2%),
! ! ! 15.8 t0 75.0 7.0 £23.8 fragments (37.5%), films [126]

Cirrhinus molitorella, Cyprinus carpio,
Carassius gibelio, Coptodon zillii, Channa
maculata (279 specimens in total)

China

copolymer (21.7%), PP
(10.5%)

(11.2%), spheres (2.1%)
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Table 1. Cont.
Species Freshwater MPs Occurrence MPs Abundance Polvmers T Ref
P Environment (%) (Particles/Fish) y ype )
Carassius auratus (11 specimens) Poyang Lake, China 90.9 9.37 £ 5.37 PP, PE, nylon, PVC Fibers, fragments, films [95]
Salvelinus fontinalis, Oncorhynchus Huron. Ontario and Eire 30 S. fontinalis 0.40 = 0.70-0.70 + 0.82 frfEnwaﬁr(slgﬁf)/ ;\IPE) N
mykiss, Micropterus dolomieu (10 4 40 O. mykiss (range of the different PE, SAN, PS, nylon, PET . & o o) Ny o [127]
specimens each) lakes, USA 50 M. dolomieu species) fibers (19%), SAN (13%),
p : PS fragments (6%)
. . .y Ciénaga Grande de .. . o
Caquetaia kmus.szz, Eugerres plumieri (75 Santa Marta, estuary, 8.6 C. kmus.szz' na PS, PP Fibers (89.5 /0)0, [128]
specimens in total) . 5.0 E. plumieri fragments (10.5%)
Colombia
Lateolabrax maculatus, Coilia nasus, Coilia
mystus, Hemibarbus maculatus, o 03+05-53+24
Synechogobius ommaturus (Acanthogobius Hangzhou Bay and 22-100% (range of (range of the different
iy . . different species and ; . PE, PP, PET n.a [129]
ommaturus), Planiliza haematocheilus Yangtze estuary, China sampling point) species and sampling
(Liza haematocheila), Boleophthalmus piung p point)
pectinirostris (97 specimen in total)
Dorosoma cepedianum, Catostomus
commersonii, Pimephales promelas,
Carpoides cyprinus, Notropis stramineus, A
Notropis hudsonius, Fundulus diaphanous, L.ake Mlch1gan 85 10 £23-13+£ 1.6 n.a Mainly fibers [111]
. . . tributaries, USA
Micropterus sp., Notropis atherinoides,
Neogobius melanostomus, Cyprinella
spiloptera (74 specimens in total)
Gymmnocypris przewalskii (10 specimens) Qinghai Lake, China 100 5.4 + 3.6 (2-15) PE, PS, nylon, and PP. Fibers, films [130]
. . . . Fibers (75%), fragments
Rutilus rutilus (64 specimens) Thames River, UK 33 0.69 +1.25 PP, PE, PL (22.7%), films (2.3%) [131]
Squalius cephalus (60 specimens) Seine a“grsze“e River, 15 na PET, PP, PEVA Fibers (83%) [99]
PE (31%), PP (14%),
Dicentrarchus labrax, Platichthys flesus Mondego estuary, 23 D. labrax 0.30 £ 0.61 D. labrax polyacrylonitrile (14%),  Fibers (96%), fragments [132]
(40 specimens each species) Portugal 13 P. flesus 0.18 = 0.55 P. flesus PE (6%), nylon (5%), (4%)
rayon (30%)
Colomesus psittacus (2 specimens) Amazon Iélr\;ezrﬂestuarme, 0 0 - - [133]
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Species Freshwater MPs Occurrence MPs Abundance Polvmers T Ref
P Environment (%) (Particles/Fish) y ype )
Cyprinus carpio, Carassius auratus,
Hypophthalmichthys molitrix, Fibers (90.3-100%),
Pseudorasbora parva, Megalobrama Taihu lake, China 95.70 1.8 +£1.7-3.8+2.0 CP, PET, PL fragments (15%), films [96]
amblycephala, Hemiculter bleekeri (18 (1.1-5.9%)
specimens each)
. PE, alkyd resin, PS,
Salmo trutta (62 specimens) Coastal water, Sweden 68 n.a polymethyl methacrylate na [134]
Culter alburnus, Culter dabryi, Culter
mongolicus, Culter oxycephaloides,
Cyprinus carpio, Pelteobagrus nitidus,
Pelteobagrus fulvidraco, Pelteobaggruis Xiangxi River, China 25.7 0-1.5 4 1.38 PE, nylon Lines, Sheets [135]
vachelli, Pseudobagrus ussuriensis,
Siniperca chuatsi, Sinibrama wui,
Squalidus argentatus (35 specimens in
total)
Platichthys flesus, Osmerus eperlanus (76 Thames River, UK 20-90% 0.2 4+ 0.42-0.85 + 1.17 PA, nylon, PE, PET Fibers (100%) [136]
specimens in total)
. o PE, polyurethane, PES,
Lates niloticus, Qreochromzs niloticus (20 Lake Vittoria, Tanzania 20% n.a PE/PP copolymer, n.a [98]
specimens each) s
silicone rubber
Alburnus alburnus, Rutilus rutilus, Perca Lake Geneva
’ 7.5% n.a n.a Fibers, fragments [101]

fluviatilis, Leuciscus leuciscus (10
specimens each)

Switzerland

* values are calculated from those reported in the reference. § values reported are not referred uniquely to MPs found in freshwater species. Abbreviations: PFTE: polytetrafluoroethylene; PE: polyethylene; SAN:
styrene acrylonitrile; CP: cellophane; PC: polycarbonate; PET: polyethylene terephthalate; PA: polyamide; PS: polystyrene; PE: polyethylene; PP: polypropylene; PES: polyester; PEUU: polyester urethane; LD-PE:

low-density polyethylene; EVA: ethylene vinyl acetate; WWTP: wastewater treatment plant; a.v.: average value; n.a.: not available.
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5. MPs Trapped in the Gills

Although MPs in wild freshwater fishes were observed mainly in the gastrointestinal
tract due to assumption through feeding, recently, there is always more evidence of MPs
found in the gills of riverine fishes through a probably passive uptake [60,96,137]. Hurt
and colleagues [12] observed MPs in gizzard shad (Dorosoma cepedianum) and largemouth
bass (Micropterus salmoides) gills collected in Bloomington and Evergreen lakes (Illinois,
USA). MPs values ranged from 1 to 30 particles per fish, and concentrations found in
gizzard shad were significantly higher in the gills than in the gut. Two freshwater fish
species (Oreochromis niloticus and Cirrhinus molitorella) were collected in the north and west
rivers of Guangdong province (China) by [85], and the MPs presence were thoroughly
investigated in the gut and gills of animals. The concentration of MPs in O. niloticus
guts (0.239 items/g) was greater than found in C. molitorella gills (0.056 items/g), while
opposite results revealed a more significant value of MPs in C. molitorella gills than in
gut (gut: 0.373 items/g, gill: 0.768 items/g). Other authors [92] found MPs in the gills
of six different genera of freshwater fishes (common carp Cyrinus carpio, Japanese white
crucian carp Carassius cuvieri, bluegill Lepomis macrochirus, largemouth bass Micropterus
salmoides, amur catfish Silurus asotus, and northern snakehead Channa argus) inhabiting the
Han river in South Korea. They observed from 1 to 16 particles per fish (mean: 8.3 & 6.0)
in the gills compared to 448 particles/fish (mean: 22.0 & 16.0 particles/fish) revealed in
the intestine of the same fishes. Farmed and wild fish (Oreochromis niloticus, the former
and Prochilodus magdalenae, and P. grosskopfii the latter) from the same region in Colombia
were investigated for their MPs contamination, but no statistical differences were found
both between the content in the gut and the gills and between the different sampling
points [104]. The presence of MPs in the gills of fishes collected in estuarine areas has also
been investigated. Su and colleagues [129] analyzed 14 marine and freshwater commercial
species collected in Chinese estuarine areas and found MPs with comparable frequencies
and amounts in the gills with respect to the gut (respectively 0.3 to 5.3 particles/fish in
the gut and 0.3 to 2.6 particles/fish in the gills). Instead, MPs in the gills were signifi-
cantly smaller than those found in the guts, and that fibers were more frequent [129]. On
these bases, the recruitment of MPs in organs differing from those involved with feeding
suggests not only an incidentally or deliberately ingestion during alimentation from the
water column or sediment or an indirect assumption through contaminated prey but that
other factors (feeding strategy, fish anatomy, adherence and surrounding level of MPs
pollution) may be relevant for MPs accumulation and that potentially translocation in
fishes can occur [138,139].

6. MPs Translocation to Other Organs

Some authors recently started to investigate the presence of MPs in the full body of the
fish, not limiting the research to the digestive tract only. The majority of these studies have
been focused mainly on marine species and laboratory experiments, and works concerning
wild fishes of freshwater environments are still very few (Figure 52 in Supplementary
Materials). The chub Squalius cephalus [99] was caught in the Marne and Seine rivers
around Paris (France) to evaluate the presence of particles of synthetic origin in the stomach,
muscle, and liver fishes. Fibers of anthropogenic origin were found predominantly in the
stomach of individuals (25%), and 5% of fish livers also contained one or more particles.
Conversely, no plastic was found in the muscle tissue. Other three freshwater fishes
(Oreochromis niloticus, Prochilodus magdalenae, and Pimelodus grosskopfii) were captured from
the Magdalena River (Colombia) and MPs presence was also investigated in the muscle of
individuals [104], which showed a lower amount of MPs (0.2 item/g) than gut and gills.
The most relevant MPs detected in the muscle were PET, PP, and nylon fragments. The
last work concerning wild freshwater catches is [33], in which the authors investigated a
natural habitat (wetlands in Australia) using mosquitofish Gambusia holbrooki to monitor
the presence of MPs in the body and heads of individuals caught. More MPs of bigger size
(0.6 items/ fish) were observed in fishes” bodies than in the heads (0.1 items/fish). MPs’
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sizes ranged from 90-4860 pm in bodies and 222-2001 pum in the heads. Polyester was the
predominant polymer, and fibers the most recurrent shape. Another estuary environment
of east China has been investigated for the distribution of MPs in different organs (gut, gills,
liver, muscle) of a commercial fish (sea bass Lateolabrax maculatus) and other freshwater
wild catches (see Table 1). All the anthropogenic items found in the flesh of individuals
were revealed to be non-plastic items attributed to background contamination [129].

Other evidence of studies that considered the distribution of MPs in organs differing
from the digestive tract were conducted prevalently in marine environments, and since
there are still so few studies in this area, it is worth mentioning them here as well. Ref. [140]
studied commercially important species of fishes of the Musa estuary (north part of the
Persian Gulf) for the presence and translocation of MPs to other tissues (skin, muscle,
gut, gills, liver). The most abundant sizes ranging from 100 and 250 pm were found in
S. sihama, P. indicus, and P. semisulcatus, while sizes between 250 and 500 um were observed
in C. abbreviates and S. tumbil. Larger MPs were mostly observed in digestive tissues
(reaching values > 1000 um) and gills (500-1000 um) due to relatively little obstruction
of the gastrointestinal tract with respect to other organs. Conversely, [49] found more
MPs in the gut (1.2 & 2.0 particles/fish) than in the muscle (0. 054 £ 0.099 items/g) of
three commercial fishes (seabass Dicentrarcus labrax, Atlantic mackerel Trachurus trachurus,
Atlantic chub mackerel S. colias) collected from the North-East Atlantic Ocean. Fibers and
fragments were observed in all the species and tissues, while pellets morphology was
found only in the digestive tract. In the dorsal muscle of all species, small fragments lower
than 100 pm were more abundant than bigger ones (101-5000 pm). These still recent results
seem to confirm the possible translocation of MPs to other organs of wild fishes, although
the routes of this translocation are still not completely clear.

7. Predicting MPs Ingestion

In the majority of the studies that reported MPs ingestion in the wild freshwater
populations, the analysis is limited to the quantification of the particles present, rather than
to the investigation of possible effects on fish health status. However, although in a minority,
several different aspects inherent to MPs transfer to fish were investigated. One of the more
frequently investigated is the possibility that the ingestion of MPs could directly correlate
with the anthropization level of the area sampled. For instance, a study from Garcia and
colleagues [90] showed that fish from highly urbanized streams in Southern Brazil had
a higher number of ingested particles respect those from less impacted areas. A similar
result has also been found in the Brazor River watershed (Texas, USA), where the ingestion
of MPs by two species of sunfish (Lepomis macrochirus and Lepomis megalotis) was correlated
with the presence of major roadways in the proximity of the sampling point [73]. The same
was also found for Rutilus rutilus in the River Thames, where the MP ingestion increase
with distance from the source, reflecting the increase in the anthropogenic impact [131].

Although microplastic uptake by fish is likely affected by MPs abundance, this corre-
lation seems not to be strictly dependent on MPs abundance in water or sediments. Several
studies demonstrated that higher MPs environmental concentration does not necessarily
translate into higher ingestion [71,87,106,111,121]. Other factors, in fact, can drive the
ingestion of MPs, as demonstrated by laboratory experiments with zebrafish (Danio rerio)
by Kim and colleagues [141], in which a higher food availability has been demonstrated
to trigger an increased MPs ingestion, independently of the MPs concentration in water.
Khosrovyan and colleagues [142] found that particle ingestion was not affected by MPs
presence in water, but more probably affected by the sedimentation/resuspension due to
the movement of the fish that keeps MPs floating in the water column, more available for
the ingestion. A similar effect has also been underlined in a field study where the ingestion
of small MPs (fragments smaller than 300 um) was more correlated to suspended solid
concentration than the mere presence of MPs in the water [110]. These may indicate the
presence of different driving factors, more related to the feeding strategies adopted by the
fish. Ingestion can occur indirectly because of ingestion during feeding or because it was
already ingested by the prey, or directly because it was mistaken for prey. In the latter
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case, MPs characteristics resembling natural prey (in color, shape, or dimensions) together
with the abundance of the natural preys are possible drivers determining higher inges-
tion [67,112], like what has been described for Carassius auratus in Poyang Lake (China) that
showed a preference for white MPs pellets, probably because of their similarity to plankton
appearance in water [95]. On the other hand, the appearance of microplastics can also be a
determining factor in non-ingestion: a detailed analysis of the stomach content parallel to
MPs isolation could reveal that fish could identify and avoid ingestion of MPs particles
bigger than 335 um, as described in a study on MPs ingestion by the blueback herring,
Alosa aestivalis, in the Hudson River (New York, USA) [68]. Similarly, the trophic guild,
the characteristic directly responsible for the ingestion mechanism, has also been investi-
gated as a proxy of MPs ingestion and omnivores [63,90,126] and zoobentivores [111] were
found with higher concentrations in their stomach, although there are reports in which this
correlation was missing [97,106].

Length and weight have been frequently found positively correlated with MPs inges-
tion, with larger and heavier fish having an increased risk of ingestion [12,33,73,93,131].
The existence of a correlation between length and MPs ingestion could be explained by the
fact that increased body dimensions drive increased feeding rates and subsequent a higher
possibility to ingest the MPs present in the environment. However, there are several studies
in which this correlation was absent [106,109,112], or present only during the early life
stages, like in the case of the gizzard shad, Dorosoma cepedianum, that lose this correlation
after its ontogenic diet shift from zooplanktivory to detritivory at increasing body size [12].

8. Effects of MPs Ingestion in Wild Catches

The possibility to retrieve information on the detrimental effects of MPs presence
directly from wild catches surveys would be a straightforward way to speed up the as-
sessment of MPs toxicity. Laboratory experiments have underlined that MPs presence
could affect fish health, behavior, and ecology from many different aspects [52]. Physical
problems related to ingestion, like their possible accumulation in the gut, could end up in al-
tered feeding behavior [143-146]. Inflammation has also been reported [147], together with
changes in the metabolic profiles [148,149] and disturbance on the immune system [150].

Assessment of fish health during monitoring surveys in wild catches is overlooked.
Moreover, studies that have considered this aspect in the marine environments are scarce,
whereas in freshwater, there are very few. The easiest way to evaluate fish health is the
calculation of fish health status by comparing the length and body mass, estimating the
hepatosomatic index by weighting the liver during dissection, or by calculating the fullness
index by quantifying the stomach content. For instance, Galafassi and colleagues [112]
assessed MPs ingestion by Perca fluviatilis sampled in four deep south-alpine lakes in the
North of Italy with a parallel evaluation of fish health status by the calculation of Fulton’s
body condition, the hepatosomatic index, and the fullness index [112]. Their results showed
that fish health was not affected by MPs’ ingestion, although they could find an effect on
the feeding behavior underlined by the existence of a negative correlation between MPs in-
gestion and the fullness index. Similarly, Ryan and colleagues have assessed the selectivity
with which Alosa aestivalis juveniles ingest MPs, and they found that the fish’s condition
coefficient was not correlated with MPs ingestion [68]. A deeper investigation was done by
Li and colleagues [120] that sampled fishes in the vicinity of a plastic production industry
and performed an histological examination of the Hemiculter leucisculus sampled to calcu-
late the organ index of fish liver, evaluating each reaction pattern separately. They found
both increased organ index and reactivity of the inflammation and circulatory disturbances
in the most polluted area, with values close to those found in laboratory trials, where fish
were exposed to much higher concentrations. This result suggest that the setting up of
laboratory trials should consider set-up resembling the environmental condition both when
considering the concentrations and the exposure time.
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9. Conclusions and Research Needs

The review of the literature presented here shows how widespread and noteworthy
is the problem of MPs pollution in freshwater environments. One hundred and ninety-
nine species have been documented ingesting plastic from 29 countries, with more than
60 research articles specifically focused on MPs ingestion by wild freshwater fish. Together
with the digestive tract, MPs have also been found in the gills of fish, probably because they
are accidentally trapped there while breathing. Furthermore, there is also evidence that
small MPs can translocate in different tissue of the organisms, thus potentially representing
a risk for human health. Strong evidence, therefore, exists that and MPs may represent
a serious risk to ecosystems, including freshwaters. Although the increasing attention
given to this problem, the literature studies analyzed during the compilation of this review
showed several critical issues. First of all, each investigation should include a chemical
assessment of the synthetic origin of the isolated MPs. Visual observation can be highly
misleading, as demonstrated in studies in which only a fraction of what was isolated was
confirmed by FT-IR spectroscopy [71,88,95,109,112], thus, a correction of visual countings is
mandatory to get reliable results. In over one-third of the article reviewed here, the chemical
analysis was missing. Secondly, since MPs pose greater dangers as they decrease in size,
the dimensional limits of the adopted isolation protocols should always be determined and
assessed. Visual observation and enumeration as well as manual sorting are not easy to
perform on particles smaller than 100 pum, therefore, countings in this lower-dimensional
range are easily biased by the protocol adopted. Making comparisons between results of
studies made with different lower detection limit it is neither easy nor useful, especially
if considering that the smaller dimensional range is usually the most abundant [33,91].
Furthermore, the assessment of fish health status by the evaluation of a simple index, such
as those based on length-weight relationship of the total body or affected organs, should
be researched whenever possible as a straightforward way to speed up the assessment of
MPs toxicity.
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