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Rising concentrations of plastics in the oceans are leading to increasing negative interactions with
marine biota, including ingestion by endangered and/or economically important seafood species such as
fish. In this paper, we visually evaluated plastic debris ingestion by 965 specimens of eight commercially
exploited fish species from different marine habitats off the southeast-south coast of Brazil. All species
ingested plastics, with pelagic animals having higher amounts, frequency of occurrence, diversity and
sizes of ingested items than demersal-pelagic and demersal animals. Highest frequency of occurrence
(FO%) of plastic ingestion (25.8%) was observed for the pelagic skipjack tuna Katsuwonus pelamis
(Scombridae), and lowest (5%) for the demersal bluewing searobin Prionotus punctatus (Triglidae).
Microplastics predominated in all species, and fibers/lines and fragments were the main items found,
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Fisheries possibly derived from fishing materials. The most abundant plastic colors were transparent, black and
Polymer analysis blue, and the most common polymers were polyamide and polyurethane. With the available data, no
Habitats relationship between the size of the individuals and amount of ingested plastics was observed.

Considering the negative impacts of plastic ingestion on marine fish, and potentially on human health
due to their consumption, understanding ingestion patterns is critical for better evaluating their origin
and possible causes, and consequently for helping define prevention strategies for this problem.

© 2020 Published by Elsevier Ltd.

(359 Mt in 2017; Plastic Europe, 2019) enters coastal and marine
environments due to the improper disposal and inadequate man-

1. Introduction

Plastics are highly versatile materials that have largely replaced
other materials such as glass, paper and metal in the production of
daily items (Andrady, 2011). The presence of plastics has been re-
ported for several regions of the planet, including all ocean basins,
numerous water bodies and remote areas such as Antarctica and
the Everest (Cozar et al., 2014; Lacerda et al., 2019; Mazzolini, 2010).
It is estimated that 5—10% of global annual plastic production
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agement of produced waste (Jambeck et al., 2015). This is causing a
serious, long-lasting and global environmental problem, with
several impacts on ecosystems, economy and public health, and
leading to large losses in ecosystem services (Beaumont et al.,
2019).

Ingestion is one of the main impacts of plastics on marine biota,
having already been reported for over 700 species from various
groups, including invertebrates, birds, turtles, mammals and fish
(Gall and Thompson, 2015; Kiithn and van Franeker, 2020; Miranda
and Carvalho-Souza, 2016). Ingestion of plastics can cause physical
impacts, such as gastrointestinal tract perforation, false sense of
satiety, malnutrition, physiological and behavioral changes (Gall
and Thompson, 2015). Plastic is also a possible vector for
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chemical pollutants, since several toxic compounds are used as
additives in the manufacture or adsorbed to the surface of plastics
from the environment (Rochman et al., 2013). In addition to
ecological consequences, ingestion of plastics by seafood such as
fish can potentially affect human health, considering that the
compounds may bioaccumulate in the tissues of organisms and be
transferred by biomagnification to higher trophic levels, including
humans as top consumers (Setala et al., 2014; Teuten et al., 2009).
However, implications for humans are still debated, since the
relation between consumption of plastic-ingesting seafood and
human health has not yet been clearly demonstrated (Miranda and
Carvalho-Souza, 2016).

Plastic ingestion by fish was first reported in 1972 (Carpenter
et al.,, 1972) and has since been observed in at least 363 fish spe-
cies in all oceans and several seas (Gall and Thompson, 2015;
Markic et al., 2019; Kiithn and van Franeker, 2020). This ingestion
may take place when fish mistake plastic for food items, when it co-
occurs with their food, or when prey that ingested plastic is
consumed (Carson, 2013). Feeding strategy can influence this
intake: for example, in the South Pacific it was observed that fish
selected fragments in colors corresponding to their food items
(Mizraji et al., 2017; Ory et al., 2017). It has also been suggested that
fish with more selective diets tend to eat less plastics than those
with more generalist feeding habits; however, smaller particles can
be more easily ingested irrespective of feeding strategy
(Mercogliano et al., 2020). In addition, the type of habitat could also
influence ingestion, since it has been shown that some fish species
that occur in coastal regions closer to urbanized areas had higher
plastic intake than those in less urbanized areas (Peters and
Bratton, 2016).

It is estimated that most plastic waste reaches the ocean via
terrestrial sources, with between 1.15 and 2.41 million tonnes of
this material entering the ocean from rivers every year (Lebreton
et al, 2017); of these, ~20,000 tonnes flow from rivers to the
ocean in Brazil’s southeastern and southern regions (calculated
based on Lebreton et al., 2017). Plastic ingestion by estuarine and
marine fish has been reported in the northeast region of this
country, and in these fish, nylon fragments from fishing activities
were most frequently found (Possatto et al., 2011). Another study at
the region found that three species of Gerreidae ingested blue
nylon fishing lines (Ramos et al., 2012). When evaluating ingestion
by 69 species of fish from two tropical estuaries in northeast Brazil,
it was found that 9% had ingested microplastics, and this ingestion
occurred irrespective of fish size and functional group (Vendel
et al., 2017). In south Brazil, blue sharks have been reported to
ingest items such as cardboard, nylon, plastic pieces and plastic
bags (Hazin et al., 1994). Considering that humans consume these
species, plastic ingestion could present a health issue for the Bra-
zilian population and should be investigated at other regions of the
country.

In southeastern Brazil, pelagic species with large economic
importance include the bluefish Pomatomus saltatrix (Linnaeus,
1766; Pomatomidae) and skipjack tuna Katsuwonus pelamis
(Linnaeus, 1758; Scombridae) (Madureira and Monteiro-Neto,
2020), which ingest pelagic, demersal and benthic prey such as
fish, cephalopods and crustaceans (Castello and Habiaga, 1989;
Haimovici and Miranda, 2005). Along the external shelf and upper
slope, fisheries are focused mainly on demersal-pelagic fish such as
the striped weakfish Cynoscion guatucupa (Cuvier, 1830; Sciaeni-
dae), Jamaica weakfish Cynoscion jamaicensis (Vaillant and Bocourt,
1883; Scieanidae) and Southern king weakfish Macrodon atricauda
(Gunther, 1880; Sciaenidae), which feed on small fish and crusta-
ceans (Cardoso and Haimovici, 2016). Demersal species, such as the
Argentine croaker Umbrina canosai (Berg, 1895; Sciaenidae),
whitemouth croaker Micropogonias furnieri (Desmarest, 1823;

Sciaenidae) and bluewing searobin Prionotus punctatus (Bloch,
1793; Triglidae) are mostly fished along the continental shelf, and
these species have diets composed of demersal and benthic prey
such as fish, echinoderms, crustaceans, polychaetes and mollusks
(Haimovici et al., 1989; Martins, 2000). Due to the different habitats
occupied and the diversity of prey consumed, these fish may have
distinct plastic ingestion patterns, which may lead to different
impacts on these species and their consumers.

In this manner, this work aimed to evaluate the presence,
quantities and characteristics of plastic debris ingested by fish
species that occupy different marine habitats, caught in industrial
fishing fleets in the southeastern and southern regions of Brazil.
This is the first evaluation of this type for commercially exploited
marine fish at these Brazilian regions, and is essential for under-
standing the ecological, economic and human health impacts of
plastics, and for helping prevent this worldwide problem.

2. Materials and methods
2.1. Study area and sampling

In this study, we sampled 965 specimens of eight species from
the southeast-south Brazilian coast, which occupy different habi-
tats and present different feeding strategies. Pelagic Katsuwonus
pelamis were captured in the southeast-south region from 2016 to
2018, using pole and line with live bait, and P. saltatrix were caught
with surface gillnets from 2017 to 2018 (Fig. 1a). Demersal-pelagic
specimens were captured between 2017 and 2018: C. guatucupa
with pair trawls and surface gillnets, and C. jamaicensis and
M. atricauda with pair trawls (Fig. 1b). Demersal fish U. canosai,
M. furnieri and P. punctatus were captured between 2017 and 2018
with pair trawls (Fig. 1c). The pelagic and demersal-pelagic species
occupy depths of up to 200 m, while demersal species inhabit
preferably depths of up to 100 m. For each specimen of K. pelamis,
the furcal length (FL — from the tip of the snout to the center of the
fork of the caudal fin) was measured, and for the remaining seven
species, total length (TL — from the tip of the snout to the tip of the
longer lobe of the caudal fin) was recorded; all size measurements
were done in centimeters, and mass was obtained in a precision
scale (+0.0001 g).

2.2. Plastic identification and classification

Gastrointestinal tracts (GITs) were removed from fish via
abdominal punctures made with surgical scissors. The extracted
GITs were immediately placed in clean glass jars containing 5%
formalin solution. The GITs were then placed on petri dishes with
distilled water, cut open with a scalpel, and had their contents
visually inspected with a binocular stereoscope microscope (LEICA
CLS Cold-Light Source 150XD) to search for ingested plastics larger
than 0.001 mm. When found, plastics were separated from the rest
of the stomach contents and identified. In order to avoid external
contamination, content analysis was performed in a low circulation
environment on a surface cleaned with 70% alcohol, using vinyl
gloves and a cotton lab coat. Additionally, two control petri dishes
were used on both sides of the microscope during content evalu-
ation, and checked after each GIT inspection. When items of the
same shape present in the stomachs were also detected in the
control plates, these false positives were excluded (methodology
adopted according to Rummel et al., 2016). A total of 28 false pos-
itives, of type “fibers/lines”, were detected and excluded from
further analyses.

Plastic items ingested by fish were characterized in terms of
type (fiber/line, rigid fragment, flexible fragment, pellet, and
glitter), color and size classes (microplastic: from 0.001 to 5 mm;
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Fig. 1. Sampling regions of pelagic (a), demersal-pelagic (b) and demersal (c) fish
captured along the southeast-south coast of Brazil.

mesoplastic: 5—25 mm; macroplastic: 25—1000 mm; GESAMP,
2015). Once separated, the main types of plastic items were pho-
tographed with the above-cited binocular stereoscope microscope.
To identify the polymer constituent of plastics, 100 items were
randomly selected; however, only 69 of these were large enough to
produce reliable spectra and were included in the analyses. Items
were dehydrated with a saline solution (75 mL ethanol + 75 mL
methanol + 10.5 g sodium bromide), and then oven dried at 50 °C
for 30 days (Pinho and Macedo, 2005). Polymers were identified by
Fourier Transform Infrared Spectrophotometry (FTIR) with an
IRPrestige-21 SHIMADZU mass spectrophotometer. The generated
spectra (ranging from 800 to 4000 cm ™!, 24 scans) were compared
with known spectra of plastic polymers for classification, with a
95% confidence interval (Barbosa, 2007). Additionally, natural diet
items were classified into large taxonomic groups (see Fig. S1).

2.3. Occurrence and abundance of plastic ingestion by marine fish

The frequency of occurrence (FO%) of ingested plastics was
calculated based on the total number of stomachs with plastic in
relation to the total number of stomachs sampled from the eight
fish species. Mean abundance was calculated as the mean number
of plastic items per species, dividing the total number of plastic
items found in a given species by the number of individuals ana-
lysed of the species. Total abundance was calculated as the total
number of plastic items per species, and relative abundance as the
total number of plastic items divided by all items (plastics + food)
in the GITs of fish. Relative abundance of ingestion of different
plastic categories (in terms of size, type, color and polymer) by
species was also calculated by dividing the total number of plastic
items of a given category by the total number of plastic items
ingested by the species. The mean, total and relative abundances
were also calculated for fish grouped into the three classes in terms
of habitat.

The ecological indices diversity (H), richness (S) and evenness (])
for types and colors of plastics ingested by fish groups were esti-
mated through DIVERSE analysis in PRIMER V6. Since plastic
abundance presented high variability and a dominance of zeros,
nonparametric approximations were used to evaluate possible
differences in plastic ingestion according to the characteristics of
the evaluated fish, as described in Anderson and Millar (2004).

2.4. Characteristics of ingested plastics: size, type, color and
polymer

To evaluate potential selection of plastics by fish, univariate
permutational variance analyses (Permanova) were used to
compare the total abundances of ingested plastics of different sizes,
types, colors and polymers and their ecological indices considering
the following factors: species, as a random factor nested in habitat
(eight levels: each fish species) and habitat, as a fixed factor (three
levels: pelagic, demersal-pelagic, demersal). For each factor, data
were permutated 4999 times to obtain significance (Anderson and
Millar, 2004). The Permanova was done using a Euclidean distance
matrix (Anderson and Millar, 2004) with 95% confidence interval
and 5% significance. Significant results were evaluated through
posterior comparisons, and 4999 random permutations were done
to obtain p-values based on Monte Carlo corrections.

To analyse the abundance and diversity of plastic types in
combination with colors, a multivariate Permanova was performed
with the factor habitat, considering a Bray-Curtis distance matrix
(Anderson and Millar, 2004). To reduce the effect caused by the
absence of individuals in some samples, dummy values of one (+1)
were added when calculating the distance matrix (Clarke et al.,
2006). For each factor, 999 permutations were used in a reduced
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model (Anderson, 2005). Significant factors were analysed in
clusters considering the group mean to estimate which levels
presented the most similarity. All analyses of plastic characteristics
were performed in PRIMER V6.

2.5. Plastic ingestion according to fish size

The relationship between the total abundance of ingested
plastics and fish size was evaluated. Due to the limited range of
sizes for most species, the analyses were performed only for those
with FL or TL ranges of over 25 cm (K. pelamis, P. saltatrix and
C. guatucupa). For these, a quantilic regression was performed,
estimating for each species: i) the largest total abundance of plastic
intake and ii) the FL/TL corresponding to the largest plastic intake.
Quantilic regression trend lines (B-splines) (Koenker, 2005) were
constructed for the 95th quantile (value at which 95% of the highest
intake values are expected to appear), following Anderson (2008).
The models were adjusted with the rq function using the quantreg
package combined with the bs function of the splines package
(Hastie and Tibshirani, 1993), in R. The bs function is adjustable for a
given polynomial degree and the appropriate degree was deter-
mined using the small sample version of the Akaike Information
Criteria (AICc), with the model with the lowest value of AICc being
chosen from the set of models with polynomial degree = 1, 2, 3,4 or
5. The highest intake rate for each species and their respective sizes
was calculated considering the highest estimated value for the 95th
quantile. Confidence intervals (95%) were constructed by applying
10,000 randomizations of the highest estimated intake (Miller
et al,, 2018).

3. Results
3.1. Occurrence and abundance of plastic ingestion by marine fish

Of the 965 analysed fish, 134 individuals had 210 visually
identified plastic items in their GITs, of which 110 were found in
pelagic (52.4%), 56 in demersal-pelagic (26.7%) and 44 in demersal
fish (20.9%) (Table 1). The frequency of occurrence of plastic
ingestion ranged from 5.0 to 25.8% in different species, with an
overall mean of 13.9%. Katsuwonus pelamis showed highest FO%
(25.8%), followed by P. saltatrix (19.7%), and lowest FO% was seen in
P. punctatus (5.0%) (Table 1). The highest total and mean abundance
of ingested plastics was also observed for K. pelamis (78 items,
1.65 + 1.18 items/individual), followed by P. saltatrix (32 items,
1.18 + 0.56 items/individual), and was lowest for P. punctatus (7
items, 0.06 + 0.18 items/individual). When comparing the total
abundance of plastics ingested by species within habitats, in pelagic
fish it was observed that K. pelamis had significantly higher total

Table 1

abundance than P. saltatrix (p = 0.004), and in demersal fish
U. canosai had significantly higher abundance than P. punctatus
(p = 0.02); no difference was found for demersal-pelagic fish. The
highest average abundance of plastics ingested per individual was
observed in the pelagic habitat (pelagic: 0.45 + 1.05, demersal-
pelagic: 0.15 + 0.49; demersal: 0.12 + 0.40), with significant dif-
ference among habitats (Pseudo-F = 4.44, p = 0.02). Abundances of
plastics relative to food items in the GITs were low, of 0.19% for
K. pelamis, 3.50% for P. saltatrix, 1.20% for C. guatucupa, 2.09% for
C. jamaicensis, 2.71% for M. atricauda, 0.36% for U. canosai, 1.55% for
M. furnieri and 1.06% for P. punctatus.

3.2. Characteristics of ingested plastics: size, type, color and
polymer

Fish ingested plastics with sizes ranging from 0.1 mm to
135 mm. In terms of size class, microplastics were more abundant
(196 items; relative abundance: 93.3%). Four mesoplastics (1.9%)
and 10 macroplastics (4.7%) were also found. Pelagic fish ingested
microplastics (90%), mesoplastics (0.9%) and macroplastics (9.1%),
including the largest macroplastic items (sizes from 63 to 135 mm).
Demersal-pelagic fish ingested microplastics (94.6%) and meso-
plastics (5.4%), while demersal fish ingested only microplastics
(Fig. 2a). The same pattern was observed for the FO%, with pelagic
fish presenting FO% = 89.1% micro, 1.4% meso and 9.5% macro-
plastics; demersal-pelagic fish FO% = 93.7% micro and 6.3% meso-
plastics; and demersal fish FO% = 100% microplastics.

Of the ingested plastics, 124 were fibers/lines (59%), 69 rigid
fragments (32.9%), eight pellets (3.8%), eight flexible fragments
(3.8%) and one glitter (0.5%) (Fig. 3). Fibersre/lines were most
abundant (over 40%) in all species, and there was variation in the
abundance of plastic types ingested by different species (Fig. 2b),
and significant differences among habitats (Pseudo-F = 4.327,
p = 0.023). Cluster analysis showed largest difference between the
pelagic habitat in relation to the other two (Fig. S2a). Apart from
being the most abundant, fibers/lines were also the most frequent
(FO% = 9.6%), along with varied rigid plastic fragments (FO
% = 5.1%). Higher frequencies of these two types of plastics were
observed in the pelagic habitat, with fiber/line FO% of 13.6% and
rigid fragment FO% of 10.7%. In fish from the demersal-pelagic
habitat, fiber/line FO% was 9.3% and rigid fragment FO% was 3.3%,
and in the demersal habitat fiber/line FO% was 7.3% and rigid
fragment FO% was 3.1%. The richness, diversity and evenness of
plastic types were significantly different between habitats (Pseudo-
F of 3.2, 7.3 and 3.1 respectively; p < 0.05), with higher indices in
pelagic, followed by demersal-pelagic and demersal fish (Table 2).

In terms of color, 69 plastic items were transparent (relative
abundance: 32.9%), 52 black (24.8%), 50 blue (23.8%), 19 white

Marine fish species from southeast-south Brazil evaluated in this study, with size range (furcal length — FL and total length — TL, min-max in cm, mean + SD), number of
analysed fish (NF), number of fish with plastics (NFP), frequency of occurrence of plastics (FO%), total number of plastics found for each species (TP) and the mean number of

plastics per individual (Mean NP + SD).

Habitat Species FL*/TL (min-max) NF NFP FO% TP Mean NP
Pelagic K. pelamis 42.0—70.0 (504 + 5.7)* 120 31 25.8 78 1.65 + 1.2
P. saltatrix 28.5-52.2 (39.6 + 3.2) 122 24 19.7 32 1.18 + 0.6
Total 28.5—70.0 (45.1 + 6.9) 242 55 22.7 110 045+ 1.0
Demersal-pelagic C. guatucupa 143-57.4 (30.7 + 94) 124 13 10.5 14 0.23 + 0.6
C. jamaicensis 19.8—28.3(24.2 + 1.8) 120 13 10.8 22 0.18 + 0.6
M. atricauda 15.3—-31.8 (23.8 + 2.1) 121 16 133 20 117 £ 04
Total 14.3-57.4 (26.3 + 6.6) 365 42 115 56 0.15+ 0.4
Demersal U. canosai 19.1-28.2 (23.1 + 1.7) 120 16 133 22 1.18 + 0.5
M. furnieri 19.7-37.1 (28.0 + 3.3) 118 15 12.7 15 0.13+0.3
P. punctatus 17.5-31.4 (24.3 + 2.5) 120 6 5 7 0.06 + 0.2
Total 17.5-37.1 (25.0 + 3.1) 358 37 10.3 44 012 + 04
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(9.0%), 14 red (6.7%), five green (2.4%) and 1 gray (0.5%) (Fig. 2c). In
pelagic species the colors with highest frequencies of occurrence
were transparent (FO% = 10.3%), blue (FO% = 7%), and black (FO
% = 6.6%). In demersal-pelagic fish the highest frequencies of
occurrence were blue (FO% = 4.4%), black (FO% = 2.5%) and trans-
parent items (FO% = 2.5%), and in demersal fish, black (FO% = 3.6%),
blue (FO% = 2.5%) and transparent plastics (FO% = 2.5%). Significant
difference was found in the abundances colors of plastics ingested
by fish among habitats (Pseudo-F = 4.0463, p = 0.024), and the
cluster indicated largest difference between the pelagic habitat in
relation to the other two habitats (Fig. S2b; Table S2). There was
significant difference in richness of colors plastics ingested by fish
among habitats (PseudoF = 6.8165, p = 0.02), but no difference was
observed in diversity and evenness (Table 2).

Of the 69 plastic items evaluated in terms of polymer, 36 were
polyamide (PA, relative abundance: 52.1%), 17 polyurethane (PU,
25%), nine polypropylene (PP, 13%), five polystyrene (PS, 7%) and
two polyethylene terephthalate (PET, 2.9%). Pelagic fish presented
relative abundances of polymers of 41% PA, 28% PU, 19% PP and 12%
PS, demersal-pelagic fish had relative abundances of 77% PA, 8% PU
and PP, and 7% PET, and demersal fish 61% PA, 31% PU and 8% PET
items. Other plastics were found in smaller abundances (Fig. 2d).
More detailed data on plastics ingested by the fish analysed this
study are in Table S1.

3.3. Plastic ingestion according to fish size

Quantilic regressions showed the ingestion of plastic items over
the entire size range of the three species evaluated (K. pelamis,
P. saltatrix and C. guatucupa). In K. pelamis and P. saltatrix, intakes
reached the maximum number of items of 5 and 2 in fish with sizes
53 and 41.7 cm, respectively. However, we did not observe inges-
tion of plastic items by specifically sized fish (see low curtosis of
‘polynomial 3’ models), and we were therefore unable to find a
clear relationship between plastic intake and fish sizes. This pattern
was similar for C. guatucupa, in which maximum ingestion was one
item for all sizes (Fig. 4). Estimated sizes, polynomial degrees, AlCc
values for models, and confidence intervals for all species
(including those with small size ranges) are available in
Supplementary Table S3 and Supplementary Fig. S3.

4. Discussion
4.1. Occurrence and abundance of plastic ingestion by marine fish

The present study found plastics of various sizes, types, colors
and polymers in the GITs of eight commercially exploited fish
species sampled in the southwestern Atlantic, with ingestion fre-
quencies from five to almost 26%. We found that pelagic and
demersal-pelagic fish ingested plastics in higher frequencies and
amounts when compared to demersal fish, although the relative
abundance of plastics in relation to diet items was low for all spe-
cies (less than 10%). The frequency of plastic ingestion in the fish
analysed in our study (13.9%) was lower than the one previously
observed in fish of the English Channel (36.5%) (Lusher et al., 2013)
and the central North Pacific (19%) (Choy and Drazen, 2013). It was
also lower than the frequency observed for marine fish in Northeast
Brazil (55%; Dantas et al., 2020); differently, frequency was higher
than the one described for two estuaries in Northeast Brazil (9%)
(Vendel et al., 2017) and Scotland (6%) (Murphy et al., 2017). It has
been hypothesized that marine fish may ingest more plastics due to
a greater variety of plastic items present in the marine environment
when compared with fresh/brackish water areas (Jabeen et al,,
2017); however, this has yet to be confirmed by evaluating plastic
contamination in the environment. In a general manner, plastic
ingestion by fish is widespread, possibly due to high coastal ur-
banization and fishery activities worldwide. However, it must be
stated that comparisons between regions are hindered by differ-
ences in sampling techniques, identification methods, and units of
reported plastic concentration/abundance; there is also currently
no consensus on how to define and categorize plastic debris
(Hartmann et al., 2019; Al-Salem et al., 2020). To encourage com-
parisons, a recent study by Barletta et al. (2020) proposes standard
protocols for sampling, extraction, enumeration and classification
of microplastics and other pollutants ingested by fish.

The pelagic fish analysed in this study presented plastic inges-
tion FO% (22.7%) lower than that observed in pelagic species of the
North Pacific (58% Lampris megalopsis and 43% in Lampris incogni-
tus) (Choy and Drazen, 2013), Indian Ocean (37.5% in Stolephorus
commersonnii) (Kripa et al., 2014) and the Mediterranean (58% in
Sciaena umbra) (Giiven et al., 2017). In Tokyo Bay, FO% of plastic
ingestion was 77% in the pelagic Engraulis japonicus (Tanaka and
Takada, 2016). The lower ingestion of plastic by fish off the Brazil-
ian coast may also be due to a lower availability of plastic in pelagic
waters of the South Atlantic when compared to the Pacific and
Indian Oceans, which have been shown to present extremely high
plastic concentrations (van Sebille et al., 2015). However, to confirm
this it is necessary to better understand the concentration of
plastics in waters of the South Atlantic, since few studies quanti-
fying plastics have been conducted in this ocean basin.
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Fig. 3. Examples of types and colors of plastics found in marine fish from southeast-south Brazil: a) flexible fragment, (disposable cup piece, K. pelamis); b) blue rigid fragment
(K. pelamis); c) green glitter (P. saltatrix); d) yellowed pellet with biofilm (P. saltatrix); e) blue line with biofilm (C. guatucupa); f) green rigid fragment with biofilm (M. atricauda); g)
transparent fibers/lines (U. canosai); h) blue fiber/line (U. canosai); i) red rigid fragment (M. furnieri). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 2

Diversity (H), richness (S) and evenness (]) of color and type of plastics ingested by fish from different habitats (pelagic, demersal-pelagic and demersal) in southeast-south

Brazil (+SD).

Plastic Habitat occupied (sample size) Ecological indices
Category H S I
Type Pelagic (242) 0.03 +0.14 0.28 + 0.55 0.0002 + 0.25
Demersal-pelagic (364) 0.01 + 0.07 0.13 £ 0.37 0.01 +0.11
Demersal (358) 0 0.10 + 0.30 0
Color Pelagic (242) 0.03 +0.15 0.28 + 0.56 0.05 + 0.20
Demersal-pelagic (364) 0.01 + 0.09 0.11 £ 0.35 0.01 +0.11
Demersal (358) 0.01 + 0.07 0.11 + 035 0.01 +0.10
Katsuwomus pelamis Pomatomus saltatrix Cynoscion guatucupa
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Fig. 4. Quantilic regression (blue lines) between abundance of ingested plastics and the furcal/total length of (a) K. pelamis, (b) P. saltatrix and (c) C. guatucupa from southeast-south
Brazil. Dashed lines show the estimated sizes in which highest ingestion occurs; gray bars are the confidence intervals; best adjusted polynomial degree is given the upper right
corner. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

We found relatively low plastic ingestion FO% (10.3%) in
demersal fish, but this FO% was higher than found in demersal
species from the lonian Sea (1.1% in Citharus linguatula, Mullus
barbatus and Pagellus erithrinus) (Anastasopoulou et al., 2013) and
the North Sea (5.4% in Limanda limanda, Rummel et al., 2016; 6%

in Melanogrammus aeglefinus, Foekema et al., 2013). Other studies
in the southwest Atlantic have described microplastic ingestion by
demersal fish, although FO is not reported: Arias et al. (2019) found
241 microplastic particles in twenty Micropogonias furnieri at an
estuary in Argentina; in Uruguay, the presence of synthetic fibers
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was recently recorded for the first time in two coastal fish species
(Limongi et al., 2019).

Differently from Lusher et al., 2013, in this study we observed
significant difference in the abundance of plastics ingested by fish
with different habitat uses, being greater in pelagic species. Pelagic
fish can feed at different depth strata (Castello and Habiaga, 1989;
Haimovici and Miranda, 2005), possibly finding and ingesting more
plastics than species that are limited to certain depths. Higher prey
consumption could also lead to increased passive intake of plastics,
if ingested by prey; although we did not verify the GITs of food
items, secondary plastic ingestion has been previously suggested
for marine fish (Anastasopoulou et al., 2013; Possatto et al., 2011),
especially those with larger body size that are higher up the food
chain (Alomar et al., 2017). Nonetheless, it is important to note that
ingestion in demersal fish could have been underestimated due to
using a visual detection method, since these fish may be consuming
smaller particles due to their small body/mouth size (Gerking,
1994) and the high concentration of micro and nanoplastics on
the seafloor. Research using more efficient detection methods
should be conducted to evaluate this.

4.2. Characteristics of ingested plastics: size, type, color and
polymer

In terms of size, most ingested plastics were in the micro cate-
gory (88.1%), followed by meso (7.2%) and macro (4.7%). Only
pelagic fish ingested macroplastics and, along with demersal-
pelagic, mesoplastics. Previous studies on plastic ingestion by fish
also report a predominance of plastics in the “micro” size class, but
with varied size ranges (from 0.09 to 16.2 mm) (Kripa et al., 2014;
Lusher et al,, 2013; Torre et al, 2016). The greater numerical
abundance of microplastics in the marine environment (Cézar et al.,
2014) could explain the high ingestion of this size class by fish. In
addition, smaller particles can be more easily ingested by different
species with different body and mouth sizes; indeed, morpho-
metric studies of fish attribute prey size to mouth size. According to
Deudero and Alomar (2014), fish from the pelagic environment
may ingest meso and macro-sized plastics with more frequency
due to their larger bodies and mouths, explaining the higher
number of macroplastic and mesoplastic items observed for pelagic
and demersal-pelagic fish.

The characterization of types of ingested plastics can help infer
on their possible origins and uses. We found mainly plastic fibers/
lines, rigid fragments and pellets in the analysed fish, and we
believe that part of the fibers could be derived from clothing, as
well as fishing materials such as nets and ropes. The dominance of
fibers and lines among plastics ingested by fish has also been
observed at other areas, such as the Mediterranean (71%) (Bellas
et al., 2016), English Channel (83%) (Steer et al., 2017) and Gulf of
Texas (86.4%) (Peters and Bratton, 2016), which the authors suggest
could originate from fishing gear. These studies also report frag-
ments as the second most frequent type of ingested plastics, but
their origins are more difficult to infer. Pellets were the third most
common type of ingested plastic in this study, being found in all
species. These primary microplastic particles could be ingested
since they resemble dietary items such as fish eggs and/or are
commonly covered in biofilm (Amaral- Zettler et al., 2015) (see
Fig. 3d), which can attract fish and possibly lead to intentional
ingestion. Marine plastic biofilms can also host potentially patho-
genic microorganisms, and concern has been raised on the possible
impacts of such pathogens on plastic-ingesting fish
(Oberbeckmann et al., 2016).

In terms of plastic colors found in the GITs of fish, transparent,
black and blue were the most common; this could be due to their
availability in the marine environment, since plastics of these

colors are frequently used in single-use items as well as fishing gear
(Ory et al,, 2017). However, visual cues such as color can also
contribute to the ingestion of plastics (Sacova et al., 2017). Pelagic
fish feed mostly in waters with high transparency, and it is possible
that these species easily detect and ingest plastics (McNicol and
Noakes, 1984; Walls, 1943). In fact, K. pelamis and P. saltatrix pre-
dominantly ingested transparent items, which are highly reflectant
and detectable, and it is possible that these species intentionally
ingested such plastics. For demersal-pelagic and demersal fish that
feed in deeper, turbid regions, ingestion could be more accidental
since vision is secondary to other senses such as smell (Sacova et al.,
2017). Coastal fish in eutrophic areas likely see wavelengths of
400—610 nm (Marshall et al., 2003; Perry et al., 2013), which could
have favored the ingestion of blue and white items by C. guatucupa,
C. jamaicensis, M. atricauda, U. canosai and M. furnieri. On the other
hand, depth and turbidity could mask red and transparent plastics,
and we suggest demersal-pelagic and demersal fish accidentally
ingested these items. Other studies report a variety of plastic colors
ingested by fish: in the English Channel, there was a predominance
of black and blue items (Lusher et al., 2013); in the northAtlantic,
white, blue and red (Choy and Drazen, 2013); in the China Sea,
transparent, black and blue (Jabeen et al., 2017). Santos et al. (2016)
speculate that marine animals that perceive floating plastic from
below preferably ingest dark items, while animals that perceive
floating plastic from above select fragments that reflect lighter
colors or transparent plastics. Additional studies relating these
factors to ingestion are needed to clarify this possible selection.

The most common polymers that composed ingested plastics
were polyamide (PA) and polyurethane (PU), followed in lower
amounts by polypropylene (PP), polystyrene (PS) and polyethylene
tretaphtalate (PET). PA is a low-density polymer widely used in
fishing gear and textile fibers (Challa, 1993; Mondal et al., 2019;
Thomas and Lekshmi, 2017). Indeed, we found several fibers/lines
that could be attributed to fishing gear and clothing. PU is also used
to manufacture a wide range of plastic products, and composed
various rigid fragments, pellets and the glitter observed in analysed
fish. PP was observed in rigid and flexible fragments, including a
disposable cup piece and a film. PS is mainly used for production of
foam and expanded styrene (Paganucci, 2011), being observed in
the expanded styrene pieces found in this work. PET can be used in
the synthesis of fishery and textile fibers, films and packaging
(MacDonald, 2002). In GITs of fish from the North and Baltic seas, PE
was the most common polymer, followed by PA and PP (Collard
et al,, 2017; Rummel et al., 2016). In the northeast Atlantic, most
plastics ingested by pelagic and demersal fish were composed of
PA, PET and acrylic (Choy and Drazen, 2013). In fish in the Chinese
Sea, cellophane, PET and PE polymers have been identified (Jabeen
et al,, 2017).

4.3. Plastic ingestion according to fish size

Fish size and abundance of ingested plastics did not follow a
linear relationship. K. pelamis and P. saltatrix showed a parabolic
relationship between these factors, while C. guatucupa presented
the same intake regardless of size. This lack of a clear relation may
be due to the fact that the studied specimens were collected though
opportunistic sampling of industrial fishing vessels that target
adult specimens, leading to a smaller size range of fish. However, in
northeastern Brazil, plastic intake by three estuarine fish species
was also unrelated to size (Possatto et al., 2011). The same was
observed in the Mediterranean Sea, where there was no correlation
between Galeus melastomus size and the amount of plastics
ingested (Alomar and Deudero, 2017). On the other hand, a higher
occurrence of plastics was found in adult Acoupa weakfish (FO% of
100%) when compared to the juvenile (64%) and sub-adult (50%)
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stages in the Goiana estuary, also in the northeastern region of
Brazil (Ferreira et al., 2016).

5. Conclusions

The increasing amounts of plastics in the oceans can lead to
negative interactions between this type of debris and marine biota,
including ingestion by exploited species. The eight commercially
exploited and consumed fish evaluated in this study ingested
plastics, with pelagic animals presenting higher amounts, fre-
quency of occurrence, diversity and size of ingested items than
demersal-pelagic and demersal fish. Microplastics predominated in
all species, and fibers/lines and fragments were the most frequent
types. Plastics were mainly transparent, black and blue, which may
indicate greater availability in the environment or selection due to
visual cues. The most abundant polymers were PA and PU, widely
used in the manufacture of common products; these polymers,
especially PU, can have toxic effects such as induction of oxidative
stress, endocrine disruption and cytotoxicity (Zimmermann et al.,
2019). With the available data we did not detect a relationship
between individual size and plastic intake per species, which may
suggest that plastics affect all species regardless of size, since most
items were microplastics and could be ingested and impact fish of
all size ranges.

Globally, overexploitation is still the biggest cause of mortality
for many fishery resources (Worm et al., 2009), and intense fishing
activities have reduced stocks of many species in the southwestern
Atlantic, including C. guatucupa, M. atricauda, U. canosai and
M. furnieri (Haimovici and Cardoso, 2016). In the current scenario of
overfishing, climate change and habitat loss, plastic ingestion by
fish could further impact resource maintenance and quality, since it
is possible that such ingestion could reduce fish survival (Markic
et al., 2019; Gove et al., 2019) and expose animal protein to
chemical contaminants derived from plastics (Hahladakis et al.,
2018). Considering the negative effects of plastic ingestion on ma-
rine fish, and potentially on human health due to their consump-
tion, understanding plastic ingestion patterns is critical for
identifying the causes and sources of ingested plastics and assisting
in the definition of prevention strategies. The efficient imple-
mentation of the National Solid Waste Policy (PNRS, 2010), along-
side the United Nations Sustainable Development Goals and a
circular economy for plastics, is important to ensure this preven-
tion. Finally, this understanding and management must address the
dynamics of cross-border dispersion of marine plastics, as this type
of pollutant surpasses geopolitical borders.
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