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Microplastics are an emerging global threat to freshwater ecosystems. Thereisa
growing number of microplastic studies in wetlands and floodplains such as the
Pantanal. Microplastics in the Pantanal's water courses, lakes, and floodplains
were sampled with a plankton net in 16 locations in the Pantanal lowlands at
varying distances from their potential urban sources over 2 years. Microplastics
from the water samples were separated from sediments and organic matter and
examined under a stereomicroscope to be identified and counted. Visual
determination was then confirmed by RAMAN spectrometry. We found
730 microplastics. The average + std microplastic concentration was 38 +
16 x/m> ranging between 10 and 100 x/m?. Fibres, fragments, and films
represented 68%, 28%, and 4%, respectively, of the total microplastics.
Surprisingly, a synthetic blue fibre of non-identified composition accounted
for 51.0% of the microplastics. Other identified polymers included PP (18.2%),
PET (16.9%), PVC (5.1%), PVA (4.4%) and LDPE (4.4%). The blue fibres, PP, and PET
were found at all sampling locations. Microplastic concentrations varied from
27 + 12 x/m?® to 48 + 21 x/m® across the sampling sites. Microplastics’ average
size was 0.51 + 0.21 mm, ranging from 0.06 to 0.97 mm. In the study area, the
average seasonal concentrations varied from 34 + 11 to 43 + 18 x/m® during the
2years study period (2018-2019). In lentic environments, the median
concentrations (30 x/m®) were significantly lower than in the lotic ones
(40 x/m?). Urban human activities are a potential source of microplastics as
the concentration of these increased significantly with the population of the
nearest human agglomeration. These results indicate widespread
contamination of the Pantanal waters by microplastics. Furthermore, a
microsynthetic of indeterminate composition is found everywhere in the
Pantanal, and more research is urgently needed to determine its
composition and sources. The contamination by micropolymers and other
microsynthetics will likely impact the Pantanal biota and, eventually, humans
living in these floodplains.
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Introduction

Currently, the improper management of vast amounts of
plastic waste has become a global concern (Henderson and
Green, 2020), especially considering that there is much more
plastic in the environment than visible to the naked eye. Within
the environment, these plastics are mechanically fragmented,
submitted to the action of water and Sun, and slowly degrade into
microplastic particles (MPs) (Backhaus and Wagner, 2020; Mao
etal., 2020). These are polymer fragments with sizes up to 5 mm,
in various shapes such as granules, fragments, fibres, and films
(Carr et al., 2016; Jahnke et al., 2017; Frias and Nash, 2019). This
is without counting the plastic particles already produced in sizes
under 5mm, such as microbeads for paints or cosmetics (Horton
and Dixon, 2018).

Due to their small size, MPs are present in the air, soil,
sewage, and water bodies such as lakes, rivers, and oceans
(Andrady, 2017; Koelmans et al,, 2019; Li C. et al., 2020; De
Faria et al, 2021). The most recent studies have shown the
presence of MPs even in remote locations, such as remote
mountain areas (Free et al, 2014; Pastorino et al, 2021;
Padha et al, 2022) or frozen water lakes in the Arctic
2020). MPs different
compositions; micro polymers such as PET, PVA, and PVC

(Gonzalez-Pleiter et al., have
are often found in water bodies (Fahrenfeld et al,, 2019). In
addition, the literature reports other particles of anthropogenic
origin whose composition is complex and may include different
polymers and metals, such as paint particles, cellulose, dyed
particles, rubber, or those that are mixtures of different materials
and difficult to identify (Hartmann et al., 2019; Bikker et al., 20205
Huntington et al., 2020; Felismino et al., 2021; Fragdo et al,,
2021).

As they are present in almost all types of environments and
due to their small size, MPs can be found at various trophic levels
(Cole et al,, 2016). One of the most relevant impacts is the
introduction of these polymers into the food chain through
ingestion by invertebrates directly from the water (Ivar Do Sul
and Costa, 2014). Different studies have observed the effects of
the ingestion of microplastics on marine invertebrates and
vertebrates, and the effects are diverse (Ivar Do Sul and Costa,
2014; Cole et al,, 2016; Green et al., 2017). Furthermore, this type
of coexistence with MPs focuses on their role as vectors of
microorganisms, pathogens, and pollutants (Graca et al., 2017).

A recent review by Li et al. (2019) indicated that the
quantification of MPs in freshwater ranges from more than
1 million pieces per cubic meter to less than 1 piece in
100 cubic metres. The variation in total MP concentration for
different studies is likely due to some combination of differences
in MP size classes, study site, temporal variation, and whether
MPs were identified visually (considered to be prone to false
positives and negatives) or with confirmation of the chemical
structure (Ziajahromi et al., 2017). The studies report different
results about the number of MPs found, but it is worth
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mentioning that a greater abundance was found in sites closer
to cities and more populated places. Rivers are the main routes
for microplastics to the ocean (Lebreton et al, 2017). Their
transport is affected by processes such as sedimentation that
depend mainly on the hydraulic characteristics of water courses
and the size of the microplastics (Nizzetto et al., 2016; Horton
and Dixon, 2018; Kumar et al., 2021a; Yan et al, 2021).
Microplastics are also found in the air and can affect people
living in cities with rapid urbanization and high industrialization
but can reach remote locations by atmospheric transport (Liu
et al., 2015; Li et al.,, 2019; Truong et al., 2021).

In wetlands, studies on the presence and factors controlling
the distribution of MPs are recent and need to be better
understood (Qian et al., 2021). Helcoski et al. (2020) showed
that in a wetland area of Washington (USA), the types and
amounts of microplastics differed between muddy and densely
Bigalke (2018)
correlations between the number of microplastics and densely

vegetated habitats. Scheurer and found
populated river basins in Switzerland. Studies on floodplains and
humid environments have reported microplastics in Europe,
China, North America, and South America (Ballent et al,
2016; Sutton et al, 2016; Leads and Weinstein, 2019; Jian
et al,, 2020; Bertoldi et al., 2021; Wang et al., 2021). They are
reported in the Danube Alluvial Zone National Park (Lechner
et al,, 2014) and the floodplain soils from Switzerland (Scheurer
and Bigalke, 2018).

In Brazil, microplastics have been reported in shoreline
sediments of a lake in the Parand River floodplain (Bletter
et al, 2017) and the upper, middle, and lower parts of the
al., 2015). In this
the life cycle

(Cynoscion acoupa) (Ferreira et al, 2016). Microplastics were

Goiana Estuary (Lima et estuary,

microplastics contaminated of Acoupa
also ingested by Hoplosternum littorale, a common freshwater
fish widely consumed by humans in South America (Silva-
Cavalcanti et al., 2017). However, there are few published data
in South America (Li C. et al., 2020; Li et al., 2020 Y.). In the
Brazilian Pantanal, there is only one published study on
microplastics in surface waters that specifically analysed one
of the rivers that form the Pantanal: the Cuiaba River and
related water bodies in its floodplain (De Faria et al., 2021).

The Pantanal is a wetland of international importance, more
extensive than England. It is known for its mega biodiversity and
for providing several environmental services. As it is relatively
remote, it has remained reasonably pristine until now (Wantzen
etal, 2008). This was made explicit by the Brazilian Constitution,
which recognized the Pantanal as a “National Heritage,” by the
Ramsar Convention that listed it as a Wetland of International
Importance, and by UNESCO, which designated it a Biosphere
Reserve in 2000.

This work aims to describe the spatial and temporal
distribution of microplastics in the surface waters of the
Pantanal to provide an overview of contamination by
microplastics in the various aquatic environments that make
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FIGURE 1

Study area and microplastic sampling sites in the Pantanal. (A) Location of the study area in South America. (B) Location of the sampling zones in
The Pantanal: 1- Upper Paraguay Zone; 2- Cuiaba River Zone; 3- Lower Paraguay Zone. (C) Sampling locations of the Upper Paraguay Zone. (D)
Sampling locations of the Cuiaba River Zone. (E) Sampling locations of the Lower Paraguay Zone. Dots represent the sampling sites.
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up this immense wetland. It also discusses the potential sources
of these pollutants and possible mechanisms of dispersal in this
i—the

concentration/composition and sizes of microplastics in the

territory. It proposes to test some hypotheses:
Pantanal vary according to geography since the potential
sources of microplastics are not homogeneously distributed;
ii—the concentration/composition and sizes of microplastics
vary according to lotic and lentic environments, as these
differential ili—the
concentration/composition of microplastics varies seasonally;
iv—the

influenced by the distance from human agglomerations and

favour deposition of microplastics;

concentration/composition of microplastics  is
by the population of these agglomerations; v—the mean size
of microplastics varies according to their polymer composition.

Materials and methods
Pantanal wetlands

The Pantanal (Figure 1) is a large mosaic of wetlands of
~160,000 km® in central South America within the Upper
Paraguay River Basin - UPRB. The hydrological cycle of this
large floodplain is characterized by an annual, monomodal, and
predictable flood pulse. Flood dynamics and geomorphological
heterogeneity generate a diversity of macrohabitats supporting
high biodiversity. The quality, together with the number of
available habitats, favours the maintenance of the high
biodiversity in the naturally fragmented landscape of the
Pantanal (Regolin et al, 2021). In the Pantanal, there are
more than 2,000 species of plants, more than 580 birds,
271 fish, 174 mammals, 131 reptiles and 57 amphibians, and
countless species of invertebrates and microorganisms. It is also
home to considerable populations of endangered species such as
jaguar (Panthera onca), giant otter (Pteronura brasiliensis),
marsh deer (Blastocerus dichotomus), pampas deer (Ozotoceros
bezoarticus) and hyacinth macaw (Anodorhynchus hyacinthinus)
(Tomas et al., 2019).

The Pantanal floodplain (100-180 m asl) is enclosed to the
east by a plateau (250-750 m asl) and to the west by the Bolivian
and Paraguayan Chaco depression (Girard, 2011). The largest
tributaries of this plain—the Paraguay, Cuiaba, and Taquari
rivers—spring in the plateau and drain the more-or-less open
Cerrado, where a large fraction of the vegetation cover has been
converted into cultivated pastures and cultivated areas where
highly mechanized agriculture is practiced. The same pattern is
developing in the Paraguayan Chaco and less intensely in the
Chiquitano Forest of Bolivia, both in the immediate region on the
western edge of the Pantanal (Tomas et al., 2019). On the plateau,
there are also important cities, such as Cuiabd on the banks of the
river of the same name, the capital of the state of Mato Grosso,
which, together with its sister city, Véarzea Grande, has a
population of around 865,000 people (De Faria et al., 2021).
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Another important city on the plateau of the Upper Paraguay
River Basin is Caceres, on the banks of the Paraguay River, with
~95,000 (IBGE 2021). The
agglomeration in the plain is Corumba4, located on the banks
of the Paraguay River and has a total of 145,000 people (IBGE
2021).

In these cities, the population density can be relatively high,

inhabitants largest urban

as is the case for the metropolitan area of Cuiabd, a density of
around 200 inhabitants km™2. In all of these, the treatment of
effluents is deficient. For example, in Cuiaba, 47% of effluents are
neither collected nor treated. In Véarzea Grande, this reaches 55%.
The sewage treatment deficit is even greater in smaller cities with
a lower population density. For example, in Santo Antdnio de
Leverger, a town of around 18,000 people (1.51 inhabitants
km™), only 10.4% of wastewater is appropriately treated (De
Faria et al., 2021). Figure 1 illustrates the position of cities in the
vicinity of the sampling sites of this study and Table 1 provides
some more information about these cities.

Sampling sites and frequency

Sixteen sites were sampled, 9 along the Cuiaba River, 4 along
the Upper Paraguay River, and 3 along the Lower Paraguay River
(Figure 1). These sites include points within the main course of
rivers and the bays and streams connecting to the main channel.
Logistics were a determining factor in the selection of sampling
sites. The Cuiaba River Zone is located near the Federal
University of Mato Grosso in Cuiabd, the institution where
the research was carried out. Most sampling sites along this
river are accessible by land. Caceres, 219 km from Cuiabd by
road, is the Upper Paraguay zone’s main city. In this zone, all the
sites are accessible only by boat. The most important city in the
Lower Paraguay Zone is Corumbd, 1,031km by road from
Cuiaba. All sampling sites in this zone are accessible only by
boat, from Corumba or Porto Murtinho, 1,141 km from Cuiaba.
Table 1 summarizes the information regarding the sampling
sites.

Each of these sampling sites was sampled 4 times during
2 consecutive years, between 2018 and 2019. Two samples were
taken at the end of the rainy season (March/April 2018 and 2019)
and two others at the beginning of the rainy season (October/
November 2018 and 2019), always respecting a short interval in
sampling between one site and another. On each visit to a
sampling site, 3 water samples were taken. In summary, the
16 sampling sites were sampled 4 times, and each collection was
carried out in triplicate for 192 water samples.

Microplastic sampling

A 30 cm diameter, 70 cm long, 68 um mesh size nylon
plankton net with a 150 ml collection flask was used to
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TABLE 1 Sampling sites’ characteristics. Populations of Brazilian cities from IBGE (2021). Estimated population at Sesc Pantanal Hotel and
surroundings from Marinha (2011). Population of San Lazaro, Paraguay from DGEEC (2015).

Sampling Sampling site Distance from Nearest Nearest city/Human Nearest city/Human
zone (location) and the nearest city/ concentration concentration main
flow regime: city/ Agglomeration population economic activity
lotic (lo) Agglomeration (km)
or lentic
(le)
Cuiaba River Bom Sucesso (Cuiabd R. 14 (downriver) Cuiabéd/Varzea Grande  ~800,000 Third sector/Transformation
Zone - lo) industries/Commerce
Santo Antdnio 2 (downriver) Santo Antonio de ~17,000 Third sector/Commerce/Tourism
(Cuiabd R. - lo) Leverger
Bardo de Melgago 22 (downriver) Bardo de Melgago ~8,000 Third sector/Commerce/Tourism
(Cuiabd R. - lo)
Baia Chacororé (lake 12 (downriver) Bardo de Melgago ~8,000 Third sector/Commerce/Tourism
- le)
Bafa Sinha Mariana (lake 17 (downriver) Bardo de Melgago ~8,000 Third sector/Commerce/Tourism
- le)
Jatoba (flooded plain -le) 10 (upriver) Sesc Pantanal Hotel ~2,000 Tourism/Fishing
Riozinho (flooded plain 7 (downriver) Sesc Pantanal Hotel ~2,000 Tourism/Fishing
- le)
Porto Cercado (Cuiaba 0.5 Sesc Pantanal Hotel ~2,000 Tourism/Fishing
R. - lo)
Moquem (lake - le) 4 (downriver) Sesc Pantanal Hotel ~2,000 Tourism/Fishing
Upper Paraguay Baia Quati (lake - le) 9 (upriver) Caceres ~95,000 Third sector/Commerce/Tourism
Zone Baia Negra (lake - le) 7 (upriver) Caceres ~95,000 Third sector/Commerce/Tourism
Caceres (Paraguay R. 4 (upriver?) Caceres ~95,000 Third sector/Commerce/Tourism
- lo)
Baia Chiqueirdo (lake 33 (downriver) Caceres ~95,000 Third sector/Commerce/Tourism
- le)
Lower Paraguay Corumbad (Paraguay 8 (upriver) Corumbad ~145,000 Third sector/Commerce/Mining/
Zone R. -lo) Tourism
Porto Murtinho 0.5 Porto Murtinho ~16,000 Third sector/Commerce/Tourism
(Paraguay R. - lo)
Rio Apa (Apa R. - lo) 4 (Apa x Paraguay R.) San Lazaro ~12,000 Third sector/Commerce/Tourism

sample microplastics following a methodology previously
described by De Faria et al. (2021). A volume of water of
100 L was passed through this net. Once filtered, the residual
150 ml obtained in the collection bottle was transferred to the
sampling bottle. The plankton net was used because the water
bodies sampled in this study were shallower than the coastal and
oceanic areas where a neuston net is generally employed. In the
Pantanal region, most water bodies are shallow, and a neuston
net would not be suitable. All samples were obtained from a boat.

The following procedure was adopted to minimize the
potential for cross-contamination between sampling sites and
sampling events. Before each sampling event, the plankton net
was thoroughly washed. The collection flask and sampling bottles
were rinsed 3 times (filled and then emptied). At all sampling
sites, the plankton net was rinsed with 3 times its volume with
local water. The collection bottle and sample bottles were rinsed
3 times with local water. After a sampling event, the plankton net
and its collection flask were thoroughly washed.
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Microplastics observation

The use of a cotton lab coat was mandatory during the
experimental process. Clean Petri dishes were left open in the lab
during the analytical procedures and examined for air
background contamination. No microplastic items were found.
To assess potential contamination of laboratory containers or air,
10 laboratory blanks were collected and analysed along with
environmental samples. They consisted of distilled water stored
in open sample vials for 5 days. These blanks were then processed
according to the procedure described below. One (1) microplastic
fibre was found in one of the blanks, indicating a low potential for
contamination in the laboratory.

Once the samples had been acquired, they were taken to
the laboratory for microplastic determination. First, a
density separation was performed using a saline solution
with sodium bromide (40% solution, density ~1.4 g/cm’) to
separate the microplastics, most of which have a lower
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density. Once prepared, the saline solution was filtered
through a 1 um fiberglass filter 47 mm diameter. The water
from the sampling bottles was transferred to a beaker, and the
filtered saline solution was added. The samples were left to rest for
24 h, sufficient for sediments to settle. The water was then carefully
poured directly into a glass filtration apparatus (Buchner funnel and
vacuum flask) and pumped under vacuum through a 0.45 pm filter
(glass fibre microfilter, 47 mm diameter). Then, any organic matter in
the filters was digested by spraying a solution with 30% hydrogen
peroxide until there was no more visible reaction with the organic
matter. About 5 to 10 drops of hydrogen peroxide per filter was
sufficient. The digestion process was carried out in an oven at 40°C.
Once there was no more visible reaction, the filters were left in the
oven (turned off) to dry for 24 h.

Visual assessments were used to identify microplastics
according to the physical characteristics of the particles using
a x45 magnification under a Zeiss stereo microscope (Yang et al.,
2015). Particles down to 10 pm (0.01 mm) were assessed. We
recorded the shape, colour, and number of microplastic particles.
Based on their shapes, microplastics were classified into three
types: fibres, fragments, and films (Su et al., 2018). The colour of
each microplastic was also recorded. Six main types of
microplastics were determined: blue fragments, blue fibres, red
and pink fibres, green fragments, and transparent films.

The size distribution of the microplastics was obtained from a
subsample (n = 48). In this subsample, the particle size was
measured by analyzing the pictures of each microplastic
confirmed by RAMAN (Chen et al, 2019; Prata et al., 2019
De Faria et al,, 2021). A total of 202 size measurements were
obtained.

Microplastic identification (RAMAN)

We analysed all the filters under a binocular magnifying glass
(MOTIC SMZ 143 N2GG Trinocular) with a transparent circular
template divided into eight sections placed at the top of the Petri
dish. Each filter was analysed section by section.

Microplastics were characterized by RAMAN spectrometry, a
spectroscopic technique based on the RAMAN effect/inelastic light
scattering (NRS-5100, Jasco, Madrid, Spain) equipped with an LMU-
20X-UVB lens. The laser excitation frequency and energy used were
78479 nm and 11.8 mW, respectively. RAMAN spectra were
recorded with a charge-coupled device camera (UV-NIR range,
1,024 x 255 pixels) electrically cooled to —70°C. RAMAN spectra
were obtained between 162 and 1886 cm ™ with a spectral resolution
0f 2.47 cm™. We considered the observed RAMAN spectra similar to
the Open Specy spectra database when the Pearson correlation
coefficient was 0.7 or higher and peaks of both spectra were
coincident. SloPP-E, a spectra database for polymers aging in
environmental conditions, was also used (Munno et al., 2020).

Only particles from types confirmed by RAMAN as synthetic
material (single polymer or polymer mixture, or polymer-metal
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mixture) were counted as microplastics. Results are expressed as
the number of microplastics (x); abundance of microplastics,
which is x divided by the total number of microplastic (x/N),
expressed as a percentage; frequency, which is the number of
times a microplastic type was present over the number of samples
(192), expressed as a percentage; or average or median
microplastic concentration expressed in x/m>.

Data treatment

MS Excel was used for data tabulation and calculation, as well
as to perform statistical tests. A two-way ANOVA was run for
sampling site (16: see Figure 1) vs. sampling moment - wet and
dry seasons of 2018 and 2019. For the sampling zone/sampling
sites and flow regime/sampling site, assumptions of two-way
ANOVA were not met (non-normality of residuals). A Kruskal
Wallis test was applied to check for significant differences
between sampling zones (Cuiaba River; Upper Paraguay;
Lower Paraguay; Figure 1). Similarly, a Mann Whitney U-test
was used to check for significant differences in concentrations
between flow regimes (lentic or lotic, see Table 1). The Mann-
Whitney U-test was applied because data were not normally
distributed and because it is more robust than the t-test in the
presence of outliers.

To check the influence of human agglomeration on the
concentration of microplastics, a correlation analysis between
distances from major urban centres (Cuiabd/Virzea Grande,
Céceres, Corumba) or nearest city/agglomeration (see Table 1)
and the average concentration of microplastics at the sampling
site was carried out. A correlation between the population of the
nearest human agglomeration and the average microplastic
concentration was also done. The log of distance and
population was used in these correlations. Pearson correlation
(r) was first calculated and tested for null correlation. If H, could
not be rejected, the Spearman correlation (r;) was calculated and
tested. In these analyses, residuals followed a normal distribution.
When neither correlation coefficients were significant, the larger
(absolute value) of the two coefficients was reported.

Microplastic sizes followed a normal distribution. ANOVA
was used to check if there were significant differences in sizes
between sampling sites and microplastic types. To check if there
is a difference in size between lotic and lentic environments, a
t-test was applied.

Results
Microplastic composition and sizes
In the 192 samples collected, a total of 730 microplastics were

identified. There was at least one (1) microplastic piece in all
water samples. Fibres were the most abundant microplastics

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.878152

De Faria et al.

10.3389/fenvs.2022.878152

TABLE 2 Abundance and frequency of microplastics in the Pantanal wetland surface waters.

Microplastic Numbers
of particles (x)

Fibre 495

NIS (blue fibre) 372

PET (red & pink fibre) 123
Fragment 203

PP (blue fragment) 133

PVC (transparent fragment) 38

PVA (green fragment) 32

LDPE (transparent film) 32

Total (N) 730

Abundance (%N) Frequency (% samples)

67.8 99.5
51.0 99.0
16.9 41.7
27.8 60.4
18.2 43.8
5.1 15.6
44 11.5
4.4 12.0

NIS, non-identified synthetic; PP, polypropylene; PET, polyethylene terephthalate; PVC, polyvinyl chloride; PVA, polyvinyl alcohol; LDPE, low-density polyethylene.

(67.8%) recorded in 99.5% of the samples (Table 2). Fragments
constituted 27.8% of microplastics and were recorded in 60.4% of
the samples. Films were the least abundant (4.4%), but they were
still found in 12% of the samples. The maximum number of
different polymers in 1 single sampling event was 4.

RAMAN analysis revealed six different compositions among
the analysed MPs. Of these six, five polymers were positively
identified. The most abundant polymers were polypropylene
(PP), in the form of blue fragments, with an abundance of
18.2% of the total found microplastics and present in 43.8%
of the collected samples. PP was most abundant at the Bom
Sucesso site (2018 rainy season), in the proximity of the largest
urban agglomeration of the study region (Cuiabd/Varzea
Grande). The
polyethylene terephthalate (PET), red and pink fibres, with an

following polymer in abundance was
abundance of 16.9% and a frequency of 41.7%. Next, polyvinyl
chloride (PVC), the transparent fragments, were found to have
an abundance of 5.1% and a frequency of 15.6%. The remaining
ones were polyvinyl alcohol (PVA), green fragments, and low-
density polyethylene (LDPE), the transparent films, each with an
abundance of 4.4% and frequency of 11.5% and 12.0%,
respectively.

The sixth composition indicates a synthetic material,
probably a mixture containing metallic/rare Earth compounds.
Non-identified synthetic compounds were recently described by
Felismino et al. (2021). These undetermined compounds (NIS =
non-identified synthetic), which in the samples appear as blue
fibres, were the most abundant (51.0%) in the study region and
present in 99.0% of samples (Table 2). They were also the most
abundant at all sampling sites, their relative abundance at each
sampling site varied between 41% and 62% of the total
Photos
displaying examples of the encountered microplastics are

microplastics at any particular sampling site.
shown in Figure 2.

Visually, these blue fibres of indeterminate composition have
the characteristics common to other microplastics (no visible

cellular/organic structure; clear and homogeneously coloured;
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equally thick fibres) (Yang et al., 2021), but surprisingly their
RAMAN spectra did not correspond to a polymer spectrum
reported by Open Specy. Some RAMAN spectra corresponding
to these NIS are shown in Supplementary Figure S1. Due to their
appearance under the microscope and the fact that no organic
compound or dye (such as indigo blue) known in the extensive
Open Specy library was identified, we deemed them synthetic. In
the rest of the text, for convenience, they will be treated as
microplastics, even if their composition is still unknown.

In terms of concentration in water, the average (+ standard
deviation) concentration of microplastics in the study region was
38 + 16 x/m’, ranging between 10 and 100 x/m’. The average
concentrations of NIS particles (19 + 12 x/m?) were the highest,
while those of PVC, PVA, and LDPE (2 + 5 x/m?) were the lowest
found (Table 3).

Regarding sizes, the average microplastic size was 0.51 +
0.21 mm, varying from 0.06 to 0.97 mm. The sizes were
significantly different among polymers (F = 12.02; p < 0.01).
The Tukey HSD post-hoc test showed that NIS was significantly
larger than PP, PVA, and LDPE, while PET was significantly
larger than PP.

Microplastic spatio-temporal distribution
in the Pantanal

Figure 3 illustrates the microplastic composition at each
the The
concentration of microplastics was 27 + 12 x/m?® found in
Jatoba, on the floodplain. The largest (48 + 21 x/m’) was
found in Bom Sucesso, close to the metropolitan area of

sampling site in Pantanal. lowest average

Cuiabd/Virzea Grande, the largest urban population in the
study region. An ANOVA was performed between average
concentrations at sampling sites indicating significant
differences between the concentrations (F = 3.15; p < 0.01).
The Tukey HSD post-hoc test revealed significant differences

only for the Jatoba site, where the samples occurred in the
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FIGURE 2
Examples of microplastics identified in the Pantanal wetlands. (A) PVA (green fragment); (B) PP (blue fragment); (C) NIS (blue fibre); (D) PET (red
fibre); (E) PET (pink fibre).

TABLE 3 Average microplastic concentrations (x/m®) and average size
(mm) in the Pantanal wetland surface waters.

Concentration (x/m?) Size (mm)

Total 38 + 16 (10; 100) 051 + 021 (0.06; 0.97)
NIS 19 + 12 (0; 80) 0.56 + 0.19 (0.10; 0.97)
PP 7 + 9 (0; 40) 0.25 + 0.16 (0.06; 0.73)
PET 6 + 9 (05 50) 055 + 0.17 (0.25; 0.95)
PVC 2+ 5 (05 20) 0.41 + 0.14 (0.28; 0.61)
PVA 2+ 5 (0; 30) 0.38 + 0.18 (0.15; 0.86)
LDPE 2+ 5 (05 20) 0.29 + 0.04 (0.23; 0.35)

The average + std (min; max) showed. NIS, non-identified synthetic; PP, polypropylene;
PET, polyester; PVC, polyvinyl chloride; PVA, polyvinyl alcohol; LDPE, low-density
polyethylene. std, standard deviation.

floodplain only during the 2018 and 2019 rainy seasons: Jatoba/
Bom Sucesso (p = 0.03); Jatoba/Apa River (p < 0.01); Jatoba/
Céceres (p < 0.03); Jatoba/Santo Antdnio (p = 0.02). Other than
these, there were no other significant differences between mean
concentrations at the different sampling sites.

Over time, between the dry season of 2018 and the wet season
of 2019, within the study area, the average microplastic
concentration varied from 34 + 11 (rainy season 2019) to
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43 + 18 x/m’ (dry season 2019). An ANOVA was performed
between average concentrations at sampling moments (dry
season 2018, rainy season 2018, dry season 2019, rainy season
2019), indicating significant differences between the
concentrations (F = 3.46; p = 0.02). According to the Tukey
HSD post-hoc test, only the average concentration of
microplastics collected in the dry season of 2019 significantly
differed from the average concentration in the rainy season of
2019 (p = 0.04). There were no significant differences between the
2018 wet (39 + 16 x/m’) and dry (36 * 1.4 x/m”) seasons. Finally,
a two-way ANOVA results between the sampling moment and
sampling site revealed that the sampling moment had no
significant interaction with the sampling site (F = 1.26; p = 0.16).

Concerning the differences between sampling zones, a
significant Kruskal Wallis test (H = 24.6343; p < 0.01)
revealed that the mean ranks of the following pairs were
different: Cuiaba River (36 + 15 x/m’)/Lower Paraguay (46 +
11 x/m’) and Lower Paraguay/Upper Paraguay (37 + 19 x/m’).
Finally, the Mann Whitney U-Test showed that the median
concentrations found in the lotic regime (40 x/m®) were
significantly (Z = —4.32; p < 0.01) higher than in the lentic
regime (30 x/m’). Figure 4 displays the average concentration at
each sampling site, and those from lentic sampling sites are
generally lower than those from lotic sampling sites.
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No significant correlations were detected between total significant correlation between the population (in Log;o) of
MPs and the distance (in Log;,) from larger cities (r = —0.17; the urban centre closest to the sampling site and the
p = 0.19) and distance from agglomerations closer to the concentration of microplastics (r = 0.33; p < 0.01), which
sampling sites (r = —0.23; p = 0.07). However, there was a indicates that the concentration of microplastics tends to
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increase together with the population from the local urban
centre. (Figure 4).

As for sizes, there were no significant differences between
sampling locations (F = 1.75; p = 0.09) and between microplastic
from lentic and lotic environments (T = -1.64; p = 0.10).

Discussion

The concentrations of microplastics found in the Pantanal
fall within the wide ranges of microplastics encountered in
freshwater wetlands. For example, in Guaiba Lake, Southern
Brazil, comparable concentrations ranging from 11.9 + 0.6 to
612 + 6.1 microplastics per m* were found. There, PP and
polyethylene (PE) together comprised most of the polymer
types (98%) (Bertoldi et al,, 2021). In the Xijin Wetland Park,
the largest wetland park in South China, total aquatic
microplastics were from the same order of magnitude ranging
from 150 to 1,067 x/m’. Rayon (14.55%), followed by polyester
(PES) (9.09%) and PE (8.18%), were the most frequently detected
microplastic polymers in the Wetland Park along with PP
(7.27%) (Wang et al.,, 2021). In a recent compilation regarding
microplastics in wetlands, concentrations as low as 3.5 x/m’ and
as high as 11,250 x/m’ were reported. In the Ebro River Delta
(3.5 x/m?), the main microplastics found were polyamide (24%),
PE (16%), polymethyl methacrylate (12%), and PET (12%). At
Wuliangsu Lake, northern China (11,250 x/m’), the main
polymers were polystyrene (39%), PP (28%), and PE (17%)
(Qian et al, 2021). Note that in this study, no PE particles
were found in the Pantanal.

Concerning fragments found in the Pantanal waters, blue PP
fragments were the most abundant fragments in the Pantanal.
This polymer is commonly found in wetlands (Kumar et al.,
2021b). In estuaries of South Carolina (USA), blue PP fragments
of secondary origin were also found (Gray et al., 2018). In Lake
Victoria (East Africa) waters, PP fragments of secondary origin
make up around 30% of microplastics (Egessa et al., 2020).

PVC, the transparent fragments in waters of the Pantanal, is
not frequently reported in freshwater wetlands. Some analysis
protocols are not efficient in isolating this relatively high-density
compound (1.388 g/cm? Gray et al., 2018), which was not the
case in the present study. Similar abundances of PVC (4%) were
found in Veeranam in Tamil Nadu, India (Bharath et al., 2021).
On the contrary, in Lake Poyang (China) waters, PVC is one of
the main microplastics found (Jian et al., 2020). In this same lake,
PVA is also one of the dominant polymers in the microplastics
load (Jian et al., 2020), while in the Pantanal, where it appears as
green fragments, its concentration was low. PVA in the filament
form has also been reported in fish from the Setiu wetland,
Malaysia (Kumar et al.,, 2021b).

The LDPE, the film fragment in the Pantanal waters, was also
recently reported in freshwater and wetlands of China (Jian et al.,
2020; Kumar et al,, 2021b; Wang et al., 2021; Yang et al., 2021),
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India (Bharath et al, 2021) and Lake Victoria (Egessa et al.,
2020). In Lake Victoria where the microplastic concentration in
the water column is lower than in the Pantanal (~0.73 x/m?), film
fragments represented 15% microplastics and were mainly
composed of LDPE.

Regarding microfibres, red and pink ones composed of PET
were found in the waters of the Pantanal as elsewhere worldwide
in freshwaters (Wang et al., 2021). In wetland waters, PET is not
frequently mentioned. For example, there is no mention of PET
by Kumar et al. (2021a), neither Abbasi (2021) or Qian et al.
(2021).

Finally, the NIS blue fibres found everywhere in the Pantanal
waters are not, to our knowledge, described in the literature.
Their RAMAN spectra did not correspond to any of the spectra
included in the Open Specy Library. We also used SLOPP-E
(Munno et al,, 2020) but could not find a good match. However,
the SLOPP-E still does not contain all possible RAMAN spectra
for weathered polymers. These spectra of weathered
microplastics are distinctly different from the spectra of fresh
standard samples, as many peaks in the RAMAN spectra of
weathered microplastics are weakened and even invisible (Dong
et al,, 2020). The same applies to paint (Simon et al.,, 2021).
Furthermore, the existence of composite plastic products reduced
the reliability of traditional 2D Raman spectroscopy (Jiao et al,
2021).

The sources of microplastics can be elucidated by considering
differences in particle morphology and polymer type (Ballent
et al, 2016). The presence of fragments suggests the
fragmentation of larger plastics. Secondary MPs, such as films
and fragments, are associated with wear, abrasion, or
decomposition of plastic packaging (bottles, paint) or plastic
bags and may be associated with terrestrial sources such as
improper solid waste disposal (Enyoh et al., 2019; Liu et al,
2019; Wang et al,, 2019). These can be transported by rainwater
to water bodies (Talvitie et al., 2015; Sutton et al., 2016; Horton
et al., 2017). Polymers such as PP, PVC, PVA, and LDPE) are
used for many consumer products in urban settings and might be
the source of the fragments encountered in the Pantanal (Wang
et al., 2019; Egessa et al., 2020; Park et al., 2020).

PET-type plastics are widely used in the textile industry
(Hidalgo-Ruz et al,, 2012; Liu et al., 2019). They are likely
associated with wastewater from laundry and washing
machines (Vaughan et al., 2017). When introduced into
the washing machine, the friction produced during the
wash cycle may release up to 6 million microfibres that are
likely to end up in the wastewater (Napper et al., 2020). The
abundance of red and pink fibres (polyester) may be related to
the presence of cities close to sampling sites and the improper
disposal of sewage water. Browne et al. (2011) identified a
predominance of polyester and acrylic fibres in coastal
sediments and wastewater effluents, suggesting that
wastewater inflows were the predominant source of fibres
at these sites.
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Several studies have linked the abundance of microplastics to
population densities (Ballent et al., 2016; Sruthy and Ramasamy,
2017). In the Pantanal, the results indicate that microplastic
with the
agglomerations, which suggests that they are a source of

concentrations increase populations of local
microplastics. However, this correlation is weak even if
significant, indicating that diffuse sources such as tourism,
fishing, subsistence agriculture, or livestock farming could
significantly contribute to the microplastic loads found (Wang
et al., 2018; Zhou et al.,, 2020). PVC, PVA, and LDPE are absent
from sampling sites even if they are close to large human
agglomerations. For example, no LDPE was detected in Bom
Sucesso, and just a few km downstream of Cuiabd/Varzea Grande
with 800,000 inhabitants, but it is present in Jatoba or Moquem,
near an agglomeration of around 2,000 people (Figure 3), which
are among the most pristine sites sampled in this study, which
suggests that rural or sporadic activities in these sites contribute
to the microplastic load. Alternatively, the transport of these
polymers (PVC, PVA, and LPDE) is not as efficient as NIS, PP,
and PET, which are present in all samples. Alternatively,
differential settlement rates under lentic conditions may
generally lower the concentration of microplastics, as found in
this study (Figure 4). They may also influence the microplastic
composition in the water column (Kumar et al., 2021a).
Among these synthetics, the concentration of NIS is
systematically the highest at all sampling sites, which indicates a
pervasive penetration of the parent material throughout the
Pantanal. In South Carolina, the presence of blue fibres in
intertidal has
treatment effluents carrying textile fibres.

been associated with wastewater
their
composition is not reported (Gray et al, 2018 Leads and
Weinstein, 2019). Blue fibres with similar RAMAN spectra were
also reported in Pantanal beach sediments and associated with

sediments

However,

e-waste (Camargo et al, 2022). Abundances and concentrations
of plastic debris in soil from an abandoned e-waste site in China
were at the high end in results from the literature. However, at this
site, Acrylonitrile-butadiene-styrene (ABS) particle was the main
plastic (Zhang et al., 2021).

Nonetheless, the fate of e-waste in Brazil is still not defined
(Echegaray and Valeria, 2017), and reuse or informal collection is
the most likely handling of electronic waste, as only a few
companies are specialized in recycling electronic devices in
Brazil (Reis et al,, 2012). It is common to observe televisions,
computers, and other electronic materials along the Cuiab4 River
banks. Thus, E-waste is a possible source of microplastics in the
Pantanal even though no clear link could be established with the
presence of the NIS blue fibres in the Pantanal waters. It is known
that e-waste recycling activities bring heavy input of metals and
organic pollutants into the local environment (Zhang et al,
2021). In a recent literature review, metals’ concentration on
microplastics was sometimes 800 times higher than in the
surrounding environment. Combined toxic effects include
endocrine disruption and reduced predatory behaviour of
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aquatic carnivores (Naqash et al.,, 2020). Finally, microplastics
and associated contaminants such as heavy metals may threaten
food safety, transferring chemicals to human bodies and causing
adverse health effects (Huang et al., 2021). They could become an
entry route for these contaminants in the Pantanal ecosystem,
which could affect the biota and ecosystem functions, which
needs to be investigated (Baldz et al., 2017).
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