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RESUMO

A gestdo de residuos sélidos é um dos desafios mais importantes da sociedade moderna. O
seu manejo inadequado de residuos causa alteracdes nos ecossistemas incluindo a poluicéo
do ar, &gua e solo, representando uma ameaca real a fauna e a saude humana. Entender as
caracteristicas dos residuos nos diferentes ambientes marinhos e terrestres é fundamental
para dar suporte aos gestores na tomada de decisdo. Esta dissertacdo € composta por dois
artigos cientificos (i.e., capitulos) sendo um publicado em revista cientifica e outro em
processo de submissdo. O primeiro capitulo avalia a abundancia, composicéo e distribuicao
dos residuos sélidos nas praias do Parque Nacional de Jericoacoara (Ceard). Sendo que, um
total de 7.549 itens de residuos solidos foram coletados em quatro setores do parque. Os
plasticos foram os itens mais abundantes e através da aplicacdo de modelos aditivos
generalizados (GAMs) foi possivel prever pontos criticos de maior concentracdo de
residuos sélidos nas praias do parque. O segundo capitulo apresenta o primeiro registro de
ingestdo de microplasticos pela raia-lixo (Hypanus guttatus) no oceano atlantico ocidental.
Os microplasticos mais frequentes foram as fibras (82%), os de cor azul (47%) e os
compostos por tereftalato de polietileno (PET) (35%). Estes resultados fornecem
informacgdes importantes para estudos futuros de ingestdo de microplasticos por raias e
contribuem para o entendimento mais amplo das dimensdes espaciais e temporais da

poluicdo por residuos plasticos nos ecossistemas marinhos.

Palavras-chave: Poluicdo, Residuos s6lidos, Microplasticos, Ingestdo, Hypannus guttatus.



ABSTRACT

Solid waste management is one of the most important challengers to modern society.
Inadequate waste management causes injuries on the environment including air, water and
soil pollution, representing a threat to animals and human life. Understanding
characteristics of solid wastes in different marine and terrestrial ecosystems is important to
support managers to make decisions. This dissertation is composed of two papers (i.e.,
chapters), one of that published in a scientific magazine and another one in the submission
process. First chapter evaluates abundance, composition, and distribution of solid waste on
Jericoacoara National Park beaches. A total of 7549 items of residues were collected in four
park sectors. Plastics were items more abundant and through application of generalized
additive models (GAM) was able to predict critical points of solid wastes on beaches.
Second chapter shows the first record of microplastics ingestion by longnose stingray
(Hypannus guttatus) on western Atlantic Ocean. The most frequent microplastics were
fibers (28%), blue color (47%) and polyethylene terephthalate compounds (PET) (35%).
These results provide important information to future studies about microplastic ingestion
by longnose stingray and contribute to broad understanding of spatial and temporal

dimensions of plastic pollution on marine ecosystems.

Keywords: Pollution, Solid wastes, Microplastics, Ingestion, Hypannus guttatus
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ESTRUTURA DA DISSERTACAO

A dissertacao intitulada — Contaminagdo por residuos solidos e microplasticos nos
ecossistemas marinhos do Nordeste do Brasil, foi elaborada em formato de artigo, de
acordo com a resolucdo N. 4.782 do Programa de Pds-Graduagdo em Ecologia Aquética e
Pesca da Universidade Federal do Para, sendo composta por uma introducdo geral,
objetivos, capitulos 1 e 2 e consideragdes finais. O produto da dissertacdo sdo 2 artigos
cientifico, sendo o primeiro artigo: “Disentangling beach litter pollution patterns to provide
better guidelines for decision-making by coastal managers” a ser submetido a revista
internacional Marine Pollution Bulletin, qualis Al, fator de impacto 4.049; e o segundo:
“Ingestion of microplastics by Hypanus guttatus stingrays in the Western Atlantic Ocean
(Brazilian Amazon Coast)” publicado na mesma revista, volume 162, (Pt A): 111799, DOI:
https://doi.org/10.1016/j.marpolbul.2020.111799
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INTRODUCAO GERAL

A gestdo dos residuos sélidos é um dos maiores desafios para a sociedade mundial.
Isso se deve principalmente ao aumento da geragdo, consumo e descarte desses residuos e
ao seu alto custo de gerenciamento (Abdel-Shafy & Mansour, 2018). Nas tltimas décadas
observou-se uma tendéncia global crescente na geracdo de residuos solidos, com a atual
geracdo mundial de residuos de 2,01 bilhdes de toneladas por ano projetada para aumentar
70% até 2050 (Deus et al., 2020). Residuos mal gerenciados tém um enorme impacto na
salide, no meio ambiente e na economia, resultando em custos posteriores mais elevados do
que custaria para gerenciar os residuos de forma adequada (Worldbank, 2012). Assim
sendo, o volume e a complexidade dos residuos associados ao modo de vida moderna
representam sérios riscos aos ecossistemas, a fauna, e a salde humana. (Luttenberger,
2020).

Residuos Solidos

Residuos sélidos sdo todos os materiais de origem antropogénica descartados de
maneira direta e indireta no ambiente, tais como utensilios de vidros, plasticos, metais,
equipamentos eletronicos, hospitalares e manufaturados (BRASIL, 2010). Fatores como
urbanizacdo, pesca, turismo, atividades industriais e domeéstica sdo as principais fontes para
a deposicdo desses residuos no ambiente uma vez que ndo sdo destinados de forma
adequada quando ndo mais encontram utilidade ao uso humano (Rangel-Buitrago et al.,
2020). A permanéncia de residuos sélidos, a longo prazo, no ambiente tem sido atribuida a
praticas inadequadas de gerenciamento, falta de infraestruturas, atividades e
comportamentos humanos indiscriminados e uma compreensdo inadequada por parte do
publico sobre as consequéncias potenciais de suas a¢des no ambiente quando descartados
inapropriadamente (Nubi et al., 2019).

O descarte inadequado dos residuos solidos pode provocar diversos impactos
socioambientais. O acumulo e apodrecimento de lixo em proximidade de centros urbanos,
afetam as populagdes humanas, podendo causar danos na saiude com o potencial
aparecimento de vetores de doencas (Thompson et al., 2009). Adicionalmente, danos
econdmicos ocorrem na forma de operacGes de limpeza dispendiosas, perda de receita do

turismo devido a baixa atratividade de locais com muito lixo (Schuhmann, 2012). Além
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disso, a persisténcia desses residuos no ambiente gera efeitos negativos sobre a fauna,
provocando problemas gastrointestinais quando ingeridos, estrangulamento em répteis e
mamiferos e até a morte pelo emaranhamento em redes de pesca descartadas ou perdidas

em alto-mar (Beaumont et al., 2019).

A producéo de residuos sélidos esta intrinsecamente ligada a polui¢do do ar, do
solo e da agua, assim o gerenciamento de residuos sélidos torna-se um dos servi¢cos mais
importantes que uma cidade oferece, tanto em sua zona urbana como rural (Coban et al.,
2018). A gestdo eficiente de residuos solidos depende muito da composic¢do dos residuos
produzidos pela populacdo, sendo essa composi¢do influenciada pela condicdo
socioeconémica, o0 tamanho da populacdo, estacbes do ano e fatores ambientais. Para
conduzir um processo de tomada de decisdo bem-sucedido que conduza a estratégias
viaveis e sustentaveis de gestdo de residuos, é aconselhavel comecar com um bom

levantamento de informagdes acerca do problema.
Residuos Plasticos e Microplasticos

O plastico é o material mais produzido do mundo. Sua fabricacdo cresceu
rapidamente no mundo desde a metade do século XX, atingindo cerca de 359 milhdes de
toneladas em 2018 (Europe, 2019). O plastico € um dos maiores contribuintes para 0s
residuos solidos urbanos e devido ao seu intenso consumo, pode alcancar uma ampla gama
de ambientes (praias, rios, oceanos, montanhas), tonando-se assim, um grave problema

ambiental para a sociedade (Geyer et al., 2017).

Os plésticos sdo materiais solidos a temperatura ambiente, sintéticos, leves, fortes,
duraveis e resistentes a corrosdo, sendo constituidos de uma grande variedade de polimeros,
entre 0s quais 0s mais usados e abundantes sdo polietileno tereftelato (PET), polietileno
(PE), cloreto de polivinila (PVC), poliamida (PA), poliestireno (PS), polipropileno (PP) e a
acrilonitrila butadieno estireno (ABS) (Thompson et al., 2009).

Os residuos plasticos tém impactos negativos em uma ampla variedade de
organismos como aves, peixes, répteis e mamiferos aquaticos, sendo que o emaranhamento
em residuos de plasticos (Jepsen & de Bruyn, 2019; Ryan, 2018) e sua ingestdo (Basto et
al., 2019; Markic et al., 2019), sdo os principais impactos observados. Por outro lado, €

comprovado também que os plasticos aumentam a suscetibilidade de recife de corais a
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doencas, podendo causar les@es fisicas em seus tecidos e permitindo a invasdo de patdégenos
(Lamb et al., 2018). Além disso, residuos plasticos podem afetar diretamente 0os meios de
subsisténcia humana com o aumento de inundagdes em areas urbanas, acimulo nas praias,
margens de rios e corpos d’agua, afetando potencialmente o turismo local e a saide humana
(Andrady, 2011). No ambiente, os plasticos sdo materiais de dificil biodegradacdo e
possuem como principal caracteristica a fragmentacdo, persistindo no meio ambiente

devido a sua longa vida util e resisténcia & corrosdo (Windsor et al., 2019).

Os plasticos podem ser classificados quanto ao seu tamanho. Embora existam
diferencas nessa classificacdo na literatura, em geral os plasticos sdo classificados como:
Microplasticos, particulas menores que 5 milimetros de didmetro. Mesoplasticos, por sua
vez, sdo particulas iguais ou maiores que 5 milimetros e menores que 25 milimetros de
diametro. Finalmente, os Macroplasticos sdo 0s residuos maiores que 25 mm de diametro
(Andrady, 2011; Barrows et al., 2018). Os microplasticos (MPs) sdo classificados como
primarios, se forem produzidos e adicionados intencionalmente a produtos como
cosmeéticos e tintas (ex: pellets, microbeds). J& os MPs secundérios sdo aqueles que se

formam da fragmentacdo de residuos plasticos maiores (Godoy et al., 2019).

Em contraste com outros poluentes, 0s MPs ndo sdo degradados no meio ambiente,
persistindo na coluna d'agua e nos sedimentos de fundo, adsorvendo contaminantes
quimicos em sua superficie, incluindo metais pesados e poluentes organicos persistentes
(POPs) de fontes proximas. Assim sendo, os microplasticos sdo potenciais vetores de
contaminacdo, impondo um alto risco a fauna marinha e, possivelmente, a saide humana

por meios da cadeia alimentar (Brennecke et al., 2016; Godoy et al., 2019).

Devido a permanéncia dos MPs no ambiente, ha um grande potencial de ingestédo
de microplastico pela fauna marinha em seus habitats naturais. Varios estudos em ambiente
natural indicam que uma ampla gama de organismos marinhos tem a capacidade de ingerir
particulas microplasticas, tais como peixes, tubar®es, raias, baleias, o zooplacton e
anémonas (Andrade et al., 2019; Cole et al., 2013; Germanov et al., 2018, 2019; Morais et
al., 2020; Pegado et al., 2018; Valente et al., 2019). A posi¢ao dos MPs na coluna d’agua
depende basicamente da forma, tamanho e da densidade das particulas. MPs mais densos

como o PVC irdo depositar no fundo junto aos sedimentos, e MPs menos densos irdo ficar
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suspensos na coluna d’agua favorecendo a ingestao pelos animais marinhos (Brownie et al.,
2007). Em geral a ingestdo de MPs pela fauna ocorre sem intenséo, ndo fazendo parte de
dieta habitual, mas uma vez ingerido, o MP fica retido no trato digestivo do animal ou
absorvido no revestimento epitelial do intestino por fagocitose, podendo ser transportadas

para outros tecidos do corpo (Burns & Boxall, 2018).

O gerenciamento de residuos sélidos e a problematica do plastico sdo temas
amplamente discutidos em varias &reas do conhecimento. As solucdes de gestdo ndo devem
ser apenas ambientalmente sustentaveis, mas também econdmicas e socialmente aceitaveis
(Malinauskaite et al., 2017). O registro e levantamento de dados sobre a contaminacdo dos
residuos no ambiente, seus impactos sobre a fauna e a saide humana, é o primeiro passo em
um conjunto de fatores que influenciam o processo complexo de tomada de decisdo

eficiente.
OBJETIVOS
Objetivo Geral

Avaliar a presenca dos residuos solidos no ambiente e sua ingestdo pela fauna nos

ecossistemas marinhos do nordeste do Brasil.
Obijetivos Especificos

Analisar a abundancia, composicao e distribuicdo dos residuos solidos nas praias

do Parque Nacional de Jericoacoara (Ceard) (Capitulo 1).

Classificar os tipos, cores e analisar composic¢do polimérica do primeiro registro de
ingestdo de microplasticos encontrados na espécie de raia-lixo (Hypannus guttatus) no

oceano atlantico ocidental (Capitulo 2).
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Abstract

Litter pollution is now an ubiquitous feature of the world’s terrestrial and aquatic
ecosystems, of which, beaches at the land-ocean interface have been studied since past
century in which the first warnings on this type of pollution have arose. In the present
study, we assessed the litter pollution patterns in a prominent touristic and environmental
site in Brazil, the Jericoacoara National Park (Ceara state) to provide a baseline of litter
types and abundance, as well as a delta-generalized additive modeling (GAM) approach to
its distribution. Thus, the predicted pollution hotspots provided from this may better guide
for coastal managers on the most effective strategies for the prevention of beach pollution.
Beach litter surveys were conducted during the rainy and dry seasons (2019) at 16 beaches
divided in four sectors according to their exposure to wind (onshore or offshore). A total of
7,549 items of litter (mean = 0.23 items/m?) were collected from the 16 study beaches, with
the highest litter densities being recorded on onshore beaches (sectors 1 and 2, with a mean
of 0.47 and 0.27 items/m?, respectively). Hard and flexible plastics were the most abundant
type of litter, followed by fragments of rope, primarily blue nylon filaments. Our GAM
analysis revealed that the distribution of each type of litter had distinct drivers in the study
area, with the extension of the beach, tourist attractions, the angle of the wind, and the
distance to bodies of water and villages being the most significant. Our model was also
suitable for the prediction of the presence of specific litter pollution hotspots on the beaches
of this national park, which is a valuable input for the development of guidelines for the

development of effective management strategies according to the type of litter.

Keywords: Beach debris, Waste management, Anthropogenic litter, Aquatic pollution,

Tourism.
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Anthropogenic marine litter can be defined as “any persistent, manufactured, or processed
solid material discarded, disposed, or abandoned into the environment” (Bergmann et al.,
2019; UNEP, 2009). Originating from both marine and land-based activities, the sources of
this pollution, and its pathways to the marine environment are numerous, including
commercial and artisanal fisheries, shipping, industrial installations, and densely-populated
urban centers (Brownie, 2015; Li et al., 2016). Beaches are one of the best-known marine
habitats on which litter often accumulates and have been investigated ever since the first
studies of plastic pollution were conducted in the 1970s (Cundell, 1973; Merrell, 1980).
Beaches occupy approximately 40% of the world's coastlines and are among its most
dynamic physical systems, being characterized by their instability and propensity for
erosion (Babi¢ et al., 2019; Radziejewska et al., 2017). Beach litter is a major
environmental problem, which impacts economic activities (e.g., tourism and recreation),
the provision of ecosystem services, goods to society, and local wildlife (Asensio-

Montesinos et al., 2019; Garcés-ordofiez et al., 2020).

Although litter pollution has been monitored widely on beaches in the past few
years, and these are one of the most well-studied marine environments in terms of their
litter pollution, many studies lack reliable information on the data collected or have been
based on methods that are not easily replicated, which hampers a systematic review of the
problem (Serra-Gongalves et al., 2019). Sandy beaches are also highly dynamic
environments, in which local weather conditions, in particular winds and waves, can
influence the abundance and distribution of litter significantly (Andrades et al., 2018;
Rangel-Buitrago et al., 2018). The identification of the local factors that influence beach
litter pollution is crucial to better inform coastal managers and the wider society, as well as
to provide adequate guidelines for the effective monitoring and mitigation of the potential
loss of economic goods and ecological services. In fact, the presence or absence of litter is a
key parameter for the definition of the scenic score of a beach, that is, its attractiveness to
tourists (Anfuso et al., 2017; Williams et al., 2016) with polluted beaches often being
avoided by beachgoers (Krelling et al., 2017).

Brazil has the longest shoreline in the South Atlantic, which covers approximately
8000 km of equatorial, tropical, subtropical, and warm temperate latitudes (Araujo et al.,

2019). Beach tourism is an important economic activity for the local and regional
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economies of many Brazilian coastal environments (Sousa et al., 2014). The principal
commercial activity is the sale of food and beverages, which is a prominent source of litter
(Araljo et al., 2018; Sousa et al., 2014). In recent years, the northeastern coast of Brazil has
become a popular destination for mass tourism, which has exerting increasing

anthropogenic pressure on it beaches (Sacramento, 2018).

In the present study, we assessed the influence of local variables on the abundance
and distribution of litter on the beaches of the Jericoacoara National Park in Ceard state,
northern Brazil, which is a popular tourist destination. We used a modelling approach to
track litter pollution hotspots according to the type of the litter and the use of the beaches,

as well as the prediction of litter distribution patterns.

The Jericoacoara National Park, in northeastern Brazil (Figure 1), was created in
2002 to protect coastal ecosystems and ensure the compatibility of local tourism with the
preservation of natural resources (ICMBio, 2011). Jericoacoara is currently Brazil’s fourth
most frequently-visited national park with an annual average of approximately 1 million of
tourist per year (Castro, 2020). This park comprises 8,416 hectares, covering a mosaic of
coastal landscapes, formed by sandy beaches, dunes, mangroves, and rocky shores. The
variation in local wind patterns is associated with seasonal shifts in the location of the
Intertropical Convergence Zone (ITCZ), which is an area of intense cloudiness and low
atmospheric pressure, marked by confluence of the northeasterly and southeasterly trade
winds (Medeiros et al., 2020). In general, the southeasterly trade winds are most intense
when the ITCZ is in its northern extreme, between August and October, decreasing
progressively as the zone migrates southward toward the equator, until reaching their
lowest annual values in March and April (Meireles, 2011). The rainfall regime of the area is
tropical with rainy season concentrated in the first half of the year (90% of the annual
rainfall), generally beginning in February, peaking typically in March and April. From July
onward, precipitation decreases until November (Meireles, 2011).

Beach litter surveys were conducted in June (rainy season) and November (dry
season) 2019 on 16 beaches, which were divided into four sectors. Each sector included
four beaches and has it own specific characteristics in terms of access (by vehicle or on

foot), the principal recreational activities (fishing, surfing, bathing), tourist attractions (e.g.,
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“Arvore da preguica” — the lazy tree, “Pedra furada” — the hole in the rock, and “Duna do
por do sol” — the sunset dune), and the presence of villages and other infrastructure. The
sectors were also classified in relation to their exposure to wind (onshore or offshore), with
sectors 3 and 4 being classified as “offshore” (Figure 1), with prevailing winds from the
land to the sea and thus a much lower wind load than sectors 1 and 2, which were classified

as “onshore”, and are under the influence of sea-driven winds (Galloway et al., 1989).

-40.5 -40.5 -40.5 -40.4

I\

A

Jericoacoara National Park

® Sector1 @ Sector3 Prea Village Stream Ji Fishing I‘ Tourist attraction
® Sector2 @ Sector 4 Jericoacoara Village A\ Hill @ Bathing & Kitesurfing

Figure 1. Jericoacoara National Park. Villages, study sectors (color-coded), with the principal human

activities and the tourist attractions highlighted by the icons.

Litter surveys were conducted along five 4-meter wide perpendicular transects on
each beach, which were walked during low tide. The transect was initiated at the tide line
and continued up to the limit of the supralittoral (i.e., beginning of “restinga” coastal
vegetation, the base of a dune or a sidewalk). The length of each transect was measured
during the sampling and the litter encountered along the transect was collected manually
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and stored in bags for further identification. The litter items were subsequently quantified

and classified according to their type (plastic and other materials) and color.

We also measured the environmental parameters of each beach, such as its
extension (meters), wind angle (degrees), distance from the villages (i.e. Pred and
Jericoacoara), and the distance from coastal bodies of water and tourist spots. To determine
the influence of these variables on the distribution and abundance of litter, a delta-
generalized additive modeling (GAM) approach was applied to account for the zero
inflation of the count data (Rubec et al., 2016). In this approach, the positive values were
fitted by the GAM using a Gaussian distribution, while the presence-absence data were
fitted by a GAM with a binomial distribution, using the mgcv package (Wood, 2012). A
penalized cubic regression spline was applied as the smoothing function for reach. This
procedure selects the degree of smoothing automatically based on the Generalized Cross-
Validation (GCV) score. The best model was then selected through the application of the
criterion of explained deviance, the GCV score and the Akaike Information Criterion, AIC
(Akaike, 1973), which provides a balance between the model fit and the parameters used.
We investigated all possible combinations of the variables, selecting the best models

according to the criteria described above, and the package functions.

A total of 7,549 items (mean = 0.23 items/m?) were found along all study sectors
in the Jericoacoara National Park. Previous studies have reported similar densities of litter
on Brazilian beaches (0.42 items/m?; Andrades et al., 2020). The litter density recorded in
the present study is also similar to those recorded on other beaches worldwide, in studies
based on similar survey methods (Table 1). Unfortunately, further comparisons of beach
litter densities in these regions are limited due to inconsistencies among the survey methods

used by different researchers (Serra-Gongalves et al., 2019).

Table 1. Data on beach litter densities from studies in brazil and worldwide based on survey methods
equivalent to those used in the present study.

Number of Density of litter

Study drea baches surveyed (items/m2) Reference
Taiwan 6 0.15 Kuo & Huang (2014)
Italy 5 0.2 Munari et al. (2016)
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China 1 0.5 Han et al. (2018)

Brazil (Southeast) 8 0.1 Corraini et al. (2018)
Colombia 27 0.5 Rangel-Buitrago et al. (2020)
Brazil 44 0.42 Andrades et al. (2020)
Albania 5 0.14 Gjyli et al. (2020)
Jericoacoara National Park 16 0.23 Present study

The beaches in sectors 1 and 2 (onshore side) returned the highest densities of
litter in both seasons, that is, the rainy and dry seasons, with 0.13 and 0.11 items/m2,
respectively (Fig. 2). The highest mean density (0.47 item/m?2) was recorded in sector 2,
followed by sector 1, with 0.27 items/m2. The values are much higher than those recorded
in sectors 3 (0.14 items/m?2) and 4 (0.04 items/m?). These differences reflect the role of the
type of wind exposure (onshore vs. offshore) on the accumulation of litter in our study area.
In general, the primary factor influencing litter deposition on Brazilian beaches is their
proximity to the run-off of large estuaries (Andrades et al., 2020), but in the absence of this
feature, as observed in the present study and on some Brazilian islands, exposure to winds
and waves appears to be the principal factor determining the distribution and accumulation
of beach debris (Andrades et al., 2018).

The highest density was recorded for plastic litter, including flexible plastic, at
0.02 item/m?, and hard plastic at 0.01 items/m?, densities similar to those recorded in other
studies (Abreo, 2018; Aytan et al., 2020; Munari et al., 2016). Small plastic litter (<5 cm in
length) was more abundant than larger pieces (Fig. S1). In general, small plastic pieces are
the most prevalent items on beaches, worldwide (Andrades et al., 2020; Galgani et al.,
2015; Topgu et al., 2013). In our study, most small-sized litter was made up of fragments of
larger pieces, rather than virgin plastic, such as pellets, which hampers the implementation
of specific strategies for the prevention or removal of this type of beach litter. Considering
all types of litter (total litter), the factor that best explained the distribution of the litter was
tourist attractions, while the distance from bodies of water was marginally significant
(Table 2). The extension of the beach was also a significant factor for all the different types
of litter evaluated (Tab. 2), which is as expected, given that, the larger the foreshore and
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backshore areas, the greater the amount of litter that is likely to accumulate on the beach.
More ample beaches with a more gently-sloping foreshore also tend to have more litter than
less ample and more steeply-sloping beaches (Ghaffari et al., 2019).

One other prominent type of litter was rope (mean density = 0.01 items/m?), in
particular blue nylon fibers, which are derived from a type of rope commonly used by
fisheries in the study area and in many other parts of the world (Orasutthikul et al., 2017).
The extension of the beach and its proximity to a village were the principal drivers of
pollution by rope on the study beaches (Tab. 2), which can be linked to local fishery
activities or due to oceanic mass-water derive. Small blue polyester and polyamide (nylon)
fibers were also the most abundant types of litter ingested by many coastal fish species in
the study region (Dantas et al., 2020; Dantas et al., 2012; Possatto et al., 2011).

It is important to note that the density of cigarette butts, while low overall (< 0.003
items/m?), was clearly associated with tourist attractions. Our GAM analysis (Tab. 2)
confirmed that pollution by cigarette butts was influenced strongly by tourist attractions and
the angle of the wind, and, to a lesser extent, the proximity of bodies of water. Garcés-
Ordofiez et al. (2020) recorded high levels of pollution by cigarette butts on touristic
beaches in Colombia, which is similar to the pattern observed on touristic beaches in
Argentina (Becherucci et al., 2017) and Chile (Honorato-Zimmer et al., 2019). In addition
to plastics, cigarette butts are the principal type of litter found on most Brazilian beaches
(Andrades et al., 2020), which raises a number of concerns given that many studies have
shown that bodies of water may be contaminated by toxic compounds, such as nicotine,

leaching from cigarette butts, which may also be ingested by wildlife.
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Figure 2. Alluvial diagram showing the distribution of different types of litter (items/m?) between seasons and
among the sectors surveyed in Jericoacoara National Park.

Overall, the extension of the beach and the presence of tourist attractions
influenced the distribution of almost all the types of litter recorded in our study (Tab. 2).
Other factors, such as the distance to bodies of water and the villages (Jericoacoara and
Pred), were also important. Once the best model for each litter category was selected, we
ran a predictive GAM to estimate the potential number of items according to the variables
selected (Fig. 3), with the independent (input) variables being estimated for 168 equidistant
points located along the shoreline at intervals of 100 meters. The output variables (the
number of litter items) were predicted for each point on the basis of the most suitable
model. The most interesting finding of this analysis is that the certain types of litter, in
particular cigarette butts and styrofoam, accumulate in different patterns along the study
areas (Fig. 3), whereas plastics (both hard and flexible) and rope presented a pattern similar
to that of the total litter (Fig. 3). These results are important for the delineation of
management strategies, such as beach cleaning, the positioning of trash cans, and the
implementation of campaigns of awareness focusing on specific items, such as cigarette
butts. However, it is important to note that the predictive GAM was not able to estimate
precisely the amount of litter, but rather only the probable location of litter hotspots, based
on the color gradient in Fig. 3. In the present case, the GAM approach permitted the
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identification of areas where waste management or removal is a priority, to prevent their

transfer to the marine environment, where removal is much more difficult and costly.

Litter-specific guidelines can improve the effectiveness of beach pollution
management, given that different types of litter can be generated and deposited in distinct
patterns, with varying implications for the environment and its biodiversity. Jericoacora
National Park is currently the fourth most-visited national park in Brazil (Castro, 2020),
and is an important source of income for the local economy. We would recommend in
particular an increase in specific efforts, including awareness campaigns on the onshore
beaches, as well as specific approaches, such as the installation of trash cans and ashtrays
or butt collectors at the tourist attractions, given the prevalence of cigarette butts in these
areas. These efforts should help guarantee the preservation of the natural beauty of the

national park, ensuring the satisfaction of tourists and the sustainable use of local beaches.

Table 2. Results of the generalized additive models (GAM) of the environmental variables.

. R- .
Item EXT WA D_riach D Jeri D_Prea Tourist Intercep sg.(adj Dewgnce
0 t ) explained
Total (+) i i (+) 0
roa tool (D012 ()0.04 (+)028 L) 125€07 0508 53.9%
Cigarette () () <0.01 ; 002 ) 0.93452 0224  26.1%
<0.01 : 92 001 Y : :
Rope () ; (+)029 &) ()0.23 (+)0.94 000331 0615 66.3%
<0.01 <Y <001 : Sl : :
Hard (+) 0.00013
o Sl - (+)0.28 - (1042 (9033 0.497  52.9%
Flexible  (+) i i (+) 5.73e- 0
Dl <00t (o001 (1028 Lo o 0504  54.4%
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Figure 3. Distribution (items/m?) of (A) all litter and (B-F) the most abundant types of litter observed in the

Jericoacoara National Park, Brazil.
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Abstract

The present study documents, for the first time, the ingestion of microplastics (MPs) by
Longnose stingrays in the Western Atlantic Ocean. We examined 23 specimens of Hypanus
guttatus from the Brazilian Amazon coast and found microplastic particles in the stomach
contents of almost a third of the individuals. Fibers were the most frequent item (82%),
blue was the most frequent color (47%) and Polyethylene terephthalate (PET) was the most
frequent polymer recorded (35%), as identified by 2D imaging - Fourier Transform Infrared
(FTIR). The ingestion of microplastics by Longnose stingray has not been previously
recorded. The findings of the present study thus provide an important baseline for future
studies of microplastic ingestion by dasyatidae rays and other batoid species in the Atlantic
Ocean and contribute to the broader understanding of the spatial and temporal dimensions

of the growing problem of plastic pollution in aquatic ecosystems and organisms.

Keywords: Plastic pollution, Elasmobranchii; Longnose stingray; 2D FTIR Imaging.

Microplastics (MPs) are now widely distributed in the environment, reaching even
the remotest areas of the oceans, and infiltrating food webs worldwide (Germanov et al.,
2019). These particles are potential carriers of persistent organic pollutants (POPs) and
metals (Yu et al., 2019). Microplastics are normally defined as plastic particles with a

maximum dimension of less than 5 mm (Arthur et al., 2009). These particles can be
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classified according to their origin as either primary or secondary MPs. Primary MPs are
produced intentionally as micro-sized particles for use in cosmetics and a range of other
industrial applications (Ogata et al., 2009), while secondary MPs are produced by the
physical or chemical degradation of larger plastic waste by the environment (Cole et al.,
2011; Godoy et al., 2019). Given their small size and abundance, MPs can be actively
ingested by a wide range of organisms (Eriksen et al., 2014; Herrera et al., 2019), when the
MPs are mistaken for prey, or passively, through the unintentional ingestion of the particles

during normal feeding activities (Campbell et al., 2017; Desforges et al., 2015).

Despite the large number of studies that have focused on the ingestion of MPs by
marine teleost fishes (e.g. Markic et al., 2018; Murphy et al., 2017; Pegado et al., 2018),
few data are available on elasmobranchs, and most of which refer to sharks or pelagic rays
(Alomar and Deudero, 2017; Anastasopoulou et al., 2013; Germanov et al., 2019; Valente
et al., 2019). Up to now, only two reports have apparently been published on the ingestion
of MPs by benthonic rays in marine environments; Neves et al. (2015) recorded MPs in
specimens of Raja asterias, off the coast of Portugal and Pegado et al. (2018) that found
MPs in an individual of Narcine brasiliensis from Amazon river estuary. However, both
studies analyzed less than 10 individuals, which Markic et al. (2020) considered to be a

suboptimal sample size for a reliable estimate of plastic ingestion rates.

Elasmobranchs are commercially important fishes, being consumed widely by
some Latin American populations, from the Caribbean coast to northeastern Brazil (Feitosa
et al., 2018; Rodrigues Filho et al., 2020; Schmid et al., 2019). This suggests that the
ingestion of microplastics by stingrays and sharks may eventually also affect human food
safety and health (Van Cauwenberghe and Janssen, 2014). The Longnose stingray,
Hypanus guttatus (Bloch and Schneider, 1801), a species of the family Dasyatidae, is an
opportunistic, benthonic predator (Gianeti et al., 2019; Last et al., 2016), distributed from
the southern Gulf of Mexico to southeastern Brazil (Bigelow and Schroeder, 1953; Rosa
and Furtado, 2016). This species may reach up to 2 meters in disc width and is very
common as by-catch in the artisanal and industrial fisheries along the northern and
northeastern coasts of Brazil (Rodrigues Filho et al., 2020; Tagliafico et al., 2013). The
present study investigated the presence of MPs in H. guttatus from the southern extreme of

the Brazilian Amazonian coast. The study also provides an important baseline for future
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comparisons of the abundance, shape, and color of the microplastics found in the stomach

contents of elasmobranch species.

The Maranhdo Gulf is located at the southern extreme of the Brazilian Amazonian
coast (Figure 1) and is formed by the bay of Sdo Marcos and Séo José, on either side of Séo
Luis Island (Castro et al., 2018; Teixeira and Souza Filho, 2009). S&o Luis, the capital of
Maranh&o state, with its population of more than one million inhabitants, is located on this
island (IBGE, 2010). This whole area forms an estuarine complex that covers an area of
5,414 kmz2 (Souza Filho, 2005) and has an extreme semidiurnal macrotidal regime, with
mean tidal amplitude of 3—7 m (Castro et al., 2018; Teixeira and Souza Filho, 2009). The
local climate is tropical humid, with an annual precipitation of approximately 2,300 mm
(Fisch et al., 1998) and a mean temperature of 26 °C (Castro et al., 2018; Teixeira and Souza
Filho, 2009).
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Figure 1: Map of the Maranh&o Gulf estuarine complex, located on southern extreme of the Brazilian Amazon
coast in the Western Atlantic Ocean, where the longnose stingray (Hypanus guttatus) individuals analyzed in
this study were captured.
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The 23 Longnose stingray specimens analyzed in the present study were obtained
from local fishers and were captured by longlines and gillnets between August 2018 and
March 2019. All individuals were immediately transported to the laboratory on ice in
portable coolers. The length and width of the disc of each specimen were measured, and
they were then eviscerated through a longitudinal incision in the abdominal area, using
surgical forceps and a scalpel. The stomachs were removed carefully, and their contents
placed in Petri dishes for analysis under a stereomicroscope (ZEISS Stemi DV4) at a
magnification of 8x to 32x. All the MPs identified during this analysis were placed in Petri
dishes containing distilled water, dried at 35°C for 48 hours, and then separated according
to shape and color. All the material and equipment used during the laboratory processing
were cleaned constantly and protected from possible external contamination. Therefore,
sample processing (extraction and stomachs contents analysis) was executed under a
laboratory fume hood, by personnel using natural fiber clothing and maintaining doors and
windows closed. To guarantee the accuracy of the readings, a clean Petri dish was placed
beside the stereomicroscope during the analysis of the stomach contents and inspected after
the processing of the sample, to identify possible external contamination by MPs existing in

the laboratory environment.

The findings of this analysis are presented here through descriptive statistics,
including the mean, minimum, and maximum numbers of microplastic items, the
percentages of the different categories of shape and color, as well as the polymeric
composition of the particles, and the frequency of occurrence (FO%) of the microplastics
found in the stomach contents. The FO% was calculated by: FO% = (Ni / N) x 100, where
Ni = the number of stomachs that contained microplastic particles, and N = total number of

stomachs examined.

Samples of each category of microplastic particle found in the gastrointestinal tracts
of the stingrays were separated for 2D imaging-Fourier transform infrared (FTIR) analysis.
The FTIR analysis was conducted directly on the dry filters (with no further processing),
using a Cary 620-670 FTIR microscope, equipped with a 128x128 FPA detector (Agilent
Technologies). The spectra were recorded directly on the surface of the samples (or of the
Au background) in reflectance mode, with an open aperture and a spectral resolution of 8

cmt, with 128 scans being acquired for each spectrum. A “single-tile” analysis resulted in a
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map of 700 x 700 um? (128 x 128 pixels), with each imaging map having a spatial
resolution of 5.5 um (i.e., each pixel has an area of 5.5 x 5.5 um?2).

The discs of the stingray specimens had a mean length of 52.3 (SD + 8.68) cm, with
a minimum of 32.4 cm and maximum of 72.0 cm, and a mean width of 54.6 (SD £ 10.0)
cm, ranging from 34 c¢cm to 83 cm (Table 1). Almost a third (FO% = 30.43%) of the
samples contained microplastics, a value similar to that recorded in benthonic rays (43%)
from the Portuguese coast (Neves et al., 2015). This relatively high incidence of MP
ingestion may be related to the foraging strategy of the species (Romeo et al., 2015). The
stingray H. guttatus is an important predator of benthic and benthopelagic coastal
organisms, feeding on a wide range of prey. As a generalist top predator when adult, it
seems likely that these individuals were susceptible to bioaccumulated microplastic
contamination through the food chain, by passive ingestion (Gianeti et al., 2019).
Table 1: Biometrics of the Longnose stingray (Hypanus guttatus) specimens and the characteristics (shape,
color, and type of polymer) of the microplastic particles (MPs) found in their stomach contents. The presence
of MPs is expressed as the presence (1) or absence (0). The polymers are: ABS = Acrylonitrile Butadiene

Styrene; PA = Polyamide; PE = Polyethylene; PET = Polyethylene Terephthalate; PP = Polypropylene; SBR
= Styrene-Butadiene Rubber.

Stngray length  width  PTesEnce Shapeofthe Colorofthe  Number oo,
(cm) (cm)
1 55 58 0 - - 0 -
2 55 59 0 - ; 0 ]
3 56.5 60 1 Fiber Transparent 6 PET, PP, PA
4 56 57.5 1 Fragment Blue 2 ABS
5 51 54 0 - - 0 -
6 565 545 0 - ; 0 ]
7 51 56 0 ; . 0 ]
8 57 61 0 ; . 0 ]
9 575 585 1 Fiber Red 1 (PE?EE%R)
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10 72 73.5 0 - - 0

11 415 41 1 Fiber Blue 3 PET, PE
12 51.5 55 0 - - 0

13 72 83 1 Fiber Black 2 PA
14 52 55.5 0 - - 0

15 525 56 0 - - 0

16 455 48 1 Fragment Blue 1 ABS
17 48.3 52 0 - - 0

18 433 455 0 - . 0

19 44.8 485 0 - - 0

20 49 53 0 - - 0

21 43 45 0 - - 0

22 46 49 1 Fiber Blue 2 PE
23 324 34 0 - - 0

A total of 17 microplastic particles were found in the stomach contents of seven
stingrays, with a mean of 2.4 (SD * 1.7) particles per individual (N = 7 individuals),
ranging from one to six particles in a given individual. The majority (82%) of the particles
found in our study were classified as fibers and the other 18% as fragments, which were
primarily blue (47%) or transparent (35.3%), with some black (11.8%) and red (5.9%)
particles (Figure 2).

Neves et al. (2015) recorded a mean of only 0.5 (SD * 0.8) particles per individual
in Raja asterias, and found only fibers in the stomach content of this ray. Many authors
have found that fibers are the most abundant microplastic particles in marine environments
(Alomar and Deudero, 2017; de Lucia et al., 2018, 2014; Neves et al., 2015; Rochman et
al., 2015). Our findings further support that the marine biota, including benthic stingrays
like H. guttatus, may be most exposed to microplastic fibers. The distribution of

microplastics in the oceans may be influenced directly by anthropogenic processes (Barnes
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et al., 2009) and large amounts are found in aquatic environments near areas of urban
development (Garcia et al., 2020). In Sao Luis, like many other largest cities in the
Amazonian region, such as Manaus and Belém, due to the lack of environmental awareness
and efficient waste management, more than 19% of the urban solid waste, including
plastics, is not collected by municipalities and an unknown fraction of this mismanaged

waste is washed into the Gulf of Maranh&o (Giarrizzo et al. 2019).

Further, Maranh&o is recognized as one of the most important states for artisanal
fisheries in Brazil’s northern and northeastern regions (Almeida et al., 2015). This
potentially contributes to the high presence of filaments in the coastal and estuarine
ecosystems, originated by the fragmentation of fishing gear (Soares et al., 2017). These
particles are introduced into marine environments through ports and fisheries activity,
wastewater treatment plants, urban runoff (Peters and Bratton, 2016), and river discharge
(Woodall et al., 2014). Strong macro-tidal currents and other oceanographic phenomena
(e.g. the permanent east-to-west prevailing winds) found in this region may contribute to
the ample dispersal of microplastics through the known accumulating effects of enclosed or

semi-enclosed bays within metropolitan urban areas (Auta et al., 2017).

Microns
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Figure 2: Examples of the different categories of microplastic found in the stomach content of the Longnose
stingray Hypanus guttatus specimens collected from the Gulf of Maranh&o. A) Transparent Fiber; B) Red
Fiber; C) Blue Fiber; D) Black Fiber; E) Blue Fragment.

Six types of polymer were identified in the microplastic particles analyzed by 2D
FTIR Imaging in the present study (Figure 3). The most frequent polymer was Polyethylene
Terephthalate (PET; 35.3%), followed by Polyamide (PA), Acrylonitrile butadiene styrene
(ABS), and Polyethylene (PE), each with a frequency of occurrence of 17.6%, and then
Polypropylene (PP) and PET + SBR (Styrene Butadiene Rubber), both with a frequency of
5.9%. The predominance of PET is consistent with the fact that it is one of the polymers
most produced by industries, worldwide, and thus more likely than others to be present in
the marine environment (Andrady, 2011). This polymer is used in the production of
textiles, including clothes, blankets, and fleeces, as well as bottles (Wang et al., 2017).
Therefore, PET fibers are common in domestic wastewater, in particular from washing
machines, which contaminates river basins and, eventually, oceans (Browne et al., 2011;
Napper and Thompson, 2016). As a relatively dense polymer, PET is also more likely to
sink to the bottom of aquatic environments, where it can be ingested by benthic organisms
(GESAMP, 2015), including the Longnose stingray. The second most common polymers
were PE and PA, which could come from the fishing gears, like nets and floats that are
often have these polymers in their composition (GESAMP, 2016). Over time, however,
lower-density polymers, such as PP and PE, may decompose and sink, and thus become

available to a variety of benthic organisms (Long et al., 2015; Morét-Ferguson et al., 2010).
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Figure 3: Representative FTIR reflectance spectra acquired different microplastic polymers, collected from
the stomach contents of the Longnose stingray Hypanus guttatus from the Maranhdo Gulf, Brazil. A) PET:
Polyethylene Terephthalate; B) PA: Polyamide; C) ABS: Acrylonitrile Butadiene Styrene; D) PE:
Polyethylene; E) PP: Polypropylene; F) Blend of PET (Polyethylene Terephthalate), and SBR (Styrene-
butadiene rubber).

In the present study, microplastic particles were found in the stomach contents of
almost one third of the analyzed H. guttatus specimens. This stingray species is an
important target of the artisanal fisheries of Maranhdo State, at the Latin America and in
southern extreme of the Brazilian Amazon coast. Most of the particles were fibers, and the
most frequent polymer was PET. With 23 specimens analyzed, the present study provides a
more reliable estimate than the previous reports of microplastic ingestion by benthonic
rays. Our study provides the first record of ingestion of MPs by Hypanus guttatus from the
Western Atlantic Ocean, as well as an important database for further comparisons of the
exposure of this elasmobranch group to plastic contaminants in the marine environment.
Such investigations, specifically for understudied areas and species, are important
contributions towards the understanding of spatial and temporal patterns of plastic pollution
in aquatic ecosystems and organisms, as well as to support effective prevention and

conservation efforts in response to this global problem.
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CONSIDERACOES FINAIS

Atualmente, o descarte de residuos solidos causa uma série de problemas
ambientais, econdmicos e sociais. Encontrar solucdes que melhor informem os gestores no
gerenciamento destes residuos € fundamental para minimizar os seus impactos no ambiente

e na sociedade.

Em ambientes costeiros, conhecer os principais fatores ambientais que alteram a
abundancia dos residuos, bem como suas principais fontes de descarte, se mostraram bons
parametros para indicar em quais lugares hd maior probabilidade de se encontrar esses

residuos, bem como possibilita criar estratégias especificas para cada tipo de residuo.

O pléstico é o maior contribuinte dos residuos sélidos encontrados no ambiente,
sendo que, sua ingestdo pela fauna marinha € um dos grandes problemas ambientais no
mundo. Por tanto, registrar as ocorréncias de ingestdo sdo extremamente importantes para
se criar uma base de dados comparativa para as espéecies e entender melhor a distribuicéo
espacial dos residuos plésticos nos ecossistemas.

53



