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Abstract

We quantify plastic litter (PL, >2 cm) and microplastics (MP, <5 mm) from the sediments of a beach formed at a riverine
depositional area, at the upper Amazon River basin, Ecuador. In the collection area (4400 m?), the PL density was 0.045
items m™~2, where low-density polyethylene bags were the prevalent PL. The beach was classified as “very clean” (Clean Coast
Index (CCI) of 1.3 items m~2). Regarding MP, in 55 sampling stations, average MP concentrations ranged from 0 to 2200
items kg~! of dry sediment (0.5-2 mm), and 0—4200 items kg~ of dry sediment (2-5 mm). Blue fibers were the prevalent
MP. Our results represent the first report to show the ubiquitous presence of PL and MP for the area. The monitoring and
management of plastic disposal in freshwater beaches are necessary, as here we report a small part of an undocumented issue.
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Rivers are major pathways of plastic litter (PL; i.e. plastic
items larger than 2 cm in length) and microplastics (MP;
i.e., plastic particles between 1 and 5 mm in length) to the
oceans (Lebreton and Andrady 2019). Given the increas-
ing abundance of plastic transported by the fluvial pathway
every year, research on the causes and sources of this type of
contamination in estuarine and freshwater systems becomes
necessary (Martinelli Filho and Monteiro 2019). When
transported by rivers, part of the PL. and MP may be depos-
ited in areas of low flow energy in the river margins. Then,
the fragmented PL can gradually become MP due to several
factors, like photodegradation, oxidation and mechanical
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abrasion (Andrady 2017; Lebreton et al. 2017; Lebreton
and Andrady 2019). The smaller the MP the easier it can be
introduced into the trophic chain and become bioavailable,
leading to detrimental effects on the biota (Andrady et al.
2019; Gerolin et al. 2020; Lebreton and Andrady 2019).
Overall, estimations of PL and MP introduced into river
systems and transported to the oceans are uncertain due to
the lack of studies and standardized observations.

Based on the population size, applied waste manage-
ment treatment, and hydrological modeling criteria, the
Amazon River may be the 7th highest polluter river in the
world (38.900 tonnes of plastic waste per year) and the first
in South America (Lebreton et al. 2017). Until now, MP
assessments in the Amazon basin have been limited to stud-
ies on marine and freshwater fish ingestion, and on trans-
portation and deposition in riverine and coastal sediments
near large urban centers in Central and Eastern Amazonia
(Gerolin et al. 2020; Martinelli Filho and Monteiro 2019).
The Amazon River basin drains 9 of the 13 South Ameri-
can countries, from the eastern hillside of the Andes to its
mouth in the Atlantic Ocean, in northern Brazil, and hosts
the largest forested area and biodiversity on Earth. Because
of its flat relief and high volume of discharge, some of the
large amazonian rivers form meanders with low-energy
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sediment depositional areas where MP can accumulate. For
instance, Gerolin et al. (2020) reported a high MP abundance
(58698178 items kg~! of dry sediment) in the Negro River
sediments near Manaus, Brazil. However, no data on PL and
MP on sediments or surface water of deposition zones of the
upper Amazon River basin have been reported yet.

The upper Amazon River system is one of the largest
and most biodiverse aquatic systems in the Andean-Ama-
zon region of Ecuador (Alexiades et al. 2019). The rivers
of the upper Amazon basin, in contrast to the rivers of the
central Amazonia, have been considered under low impact
by rural, industrial, and domestic contamination due to its
low population density, the presence of few medium-size
urban centers (Anderson et al. 2018; Encalada et al. 2019).
Nevertheless, the increasing population size, mostly living
in the river margins, and the lack of proper waste manage-
ment, have intensified environmental contamination risks, as
much as the flexibilization of environmental protection and
diversification of economic activities, like agriculture, fish
farming, mining, and oil extraction (Capparelli et al. 2020;
Galarza et al. 2021; Lessmann et al. 2019).

Hydrological and social factors have been proposed to
explain the abundance of MP and PL in freshwater sedi-
ment (reviewed by Yang et al. 2021), including population
density near water catchment, proximity to urban centers,
hydrological dynamics (Gerolin et al. 2020), type of waste
management used, sewage spillage and tourism (Martinelli
Filho and Monteiro 2019). Thus, the conservation of fresh-
water ecosystems depends on both the investigation of the
sources and occurrence of MP and PL in riverine sediments.
The Puerto Misahualli river beach was chosen, as it is one of
the most visited freshwater beaches in Ecuador (Marcinek
and Hunt 2019) and it is located in a sediment depositional
area subject to hydrological influence at the watershed out-
let. The aim of our study was to present the first baseline
assessment of PL and MP contamination in the surface
sediments at deposition zones of the Misahualli River, at
the upper Amazon basin, and set a precedent for its future
environmental monitoring.

Materials and Methods

The study area is the parish center of Puerto Misahualli
located in the Napo Province of the Ecuadorian Amazo-
nia (Fig. 1a). It is surrounded by a white sandy beach set-
tled on the Misahualli riverbank, right where the Misa-
hualli River meets the Napo River. The Misahualli beach is
mainly formed by medium texture sand with the presence
of gravels and large stones in both extremes of the beach
(GPPM 2015). The Misahualli River drains a watershed of
ca. 1.658 km?, mainly covered by rainforest (70%) and where
the larger urban centers are the cities of Tena (~44.000
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inhabitants) and Archidona (~ 15.000 inhabitants). Misa-
hualli River basin is located in a humid and tropical zone
(relative humidity above 85% and mean annual temperature
of 22.8°) with abundant bimodal rainfall (peaks occur in
June and November). Precipitation is higher than 4000 mm/
year throughout the year and there are no months with pre-
cipitation below 100 mm (Ikiam Hydrometeorological Ser-
vice 2020). The study area is settled in a low topographic
area that occasionally gets flooded when the level of Misa-
hualli River increases due to intense rainfall over very short
periods of time or by backwater effects, when the water level
of the Napo River level increases and impedes the Misa-
hualli River inflow.

Puerto Misahualli hosts nearly 6.600 inhabitants, being
75% self-identified from indigenous groups (Marcinek and
Hunt 2019). Currently, the main source of economic income
is based on community nature-oriented tourism. Tourist vis-
its are higher in the months of February and July—August
(GPPM 2015). The parish has a low coverage of public ser-
vice, like sewerage (13.24%) and urban solid waste man-
agement (38.39%) (GPPM 2015). Thus, direct urban con-
tamination sources to this watershed come from untreated
discharges from domestic sewage systems and mismanage-
ment of solid waste along the hydrographic basin. In addi-
tion, leachates outfall into tributaries of the Misahualli River
from the landfills of Tena and Archidona, could be an impor-
tant contamination source (Capparelli et al. 2020).

Sampling campaign was performed in February 2019.
In a single day, eleven 20-m long sampling transects des-
ignated T-1 to T-11, were set perpendicularly to the shore-
line, covering the full extension of the Misahualli beach
(Fig. 1b). Transect length was measured with a measuring
tape. Along each transect, five sampling stations (A, B, C,
D and E) measuring 4 m? (2 m*2 m) were set every 4 m,
starting from the shoreline, i.e., at 0 m,4 m, 8 m, 12 m, 16 m
and 20 m (Fig. 1c).

At each sampling station, 500 g of top beach sediment
(10 cm deep) was collected from its center with a hand
trowel manipulated by a team member who was positioned
against the wind direction to avoid contamination. The hand
trowel was rinsed after every sediment sampling. Samples
were stored in pre-cleaned plastic bags for MP analysis.
After collection, sediment samples were transported to the
National Reference Water Laboratory housed at the Univer-
sidad Regional Amazénica Ikiam.

PL (excluding organic material) was manually collected
from the sand surface or when was partially buried within
the area comprehended between T1 and T11 (20 m X 220 m
or 4400 m?). Collected PL was stored in large plastic bags
of 50 L for posterior identification.

Clean Coast Index: To evaluate the level of PL cleanli-
ness of the Misahualli beach we applied the Clean Coast
index (CCI, Alkalay et al. 2007), which determines the state
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Fig. 1 a The limits of the
Amazon basin, highlighting

the Amazon River and the geo-
graphic location of Puerto Misa-
hualli, Ecuador (— 1.0344,—
77.665); b The Misahualli River
basin and the location of Puerto
Misahualli at the outlet of the
basin; ¢ Eleven 20 m-long tran-
sects along the extension of the
beach, with a minimum distance
of 20 m among the transects; d
Representation of the distribu-
tion of sampling stations (A-E)
along each transect (dashed
line) perpendicularly to the river
shoreline. Station A is the clos-
est to the river and Station E is
the closest to the vegetation line

of the sampling areas of being free of PL. CCI takes into
account only plastic items, excluding organic items and
other materials.This index is calculated using the formula:
CCI=(Sum of Litter Items/Beach length*Beach width)*K,
where K is a constant which value equals 20 (Alkalay et al.
2007). CCI values are given in items m~2. When CCI values
fall between 0 and 2, it indicates that no PL was found (“very
clean); between 2 and 35, it says that the beach is "clean";
when it is between 5 and 10, it indicates a beach with “mod-
erate” litter; between 10 and 20, it indicates a “dirty” beach
and CCI values higher than 20 indicate a greater presence of
PL and the beach is classified as “extremely dirty”.

Visual inspection of plastic litters and microplastics: PL
were classified according to the polymeric type, following
a modified version of the method of Uneputty and Evans
(1997). Whenever possible, each polymer was identified
based on the description of the product label. When it was
not possible to do this verification, the product was searched
in the official brands webpages to confirm the polymeric
type. The results of PL are presented as items per square
meter (items m~2). Color classification was done as: color-
ful items (mix of colors in one material), transparent items

Misahualli
Basin

Amazon
Basin

(when it is possible to see through the item) and opaque
items (single color composite item).

Quantification and isolation of MP from freshwater sedi-
ment samples were carried out based on the methodology
proposed by Gimiliani et al. (2020). Sediment samples were
first homogenized with the aid of a shovel. Then, a subsam-
ple of 100 g was taken from each sample and dried at 50°C
during 24-48 h, until its complete drying. The subsamples
were passed through a sequence of sieves with pore sizes of
2.0 mm and 0.5 mm to separate samples into decreasing size
fractions (2—-5 mm and 0.5-2 mm). Then, 20 g of the sedi-
ment retained in each sieve was transferred to Petri dishes
and dried for the second time at 50°C for 12 h.

The Petri dishes containing the dry material extracted
from each sieve were examined under a stereomicroscope at
% 5.0 magnification, in order to count the number of plastic
fibers and fragments present in the samples. Petri dishes
were divided into four quadrants. The counting was done in
a single quadrant and then extrapolated to the total sample
(i.e. 20 g). The patterns used to identify types of microplas-
tics were based on the descriptions provided by Mohamed
Nor and Obbard (2014) and Masura et al. (2015), as well
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as on visual inspection. Two observers used stainless steel
tweezers to actively search for microplastics and to separate
them from other sediment fragments. The plastic fragments
were visually categorized by color (blue, transparent, red,
yellow, white, orange, light blue, light brown, violet, black
and mixed) and shape (fibers and fragments). Under the ster-
eomicroscope, the fragments were manipulated or dragged
around with the aid of tweezers to confirm the makeup of
the plastic particles. If the materials crumbled or were easily
crushed, they were not considered plastic compounds. If the
particles kept their shape, they were included in the counting
(Mohamed Nor and Obbard 2014).

Results and Discussion

We collected 200 items of PL within the area compris-
ing the transects at the Misahualli beach. This results in
the CCI value of 1.3 items m~2, which indicates that the
beach is classified as “very clean” and of low density of PL
items. Our CCI value (1.3 items m~2) was lower than those
calculated for 27 central Caribbean beaches of Colombia
that ranged from 2.8 (clean) to 574 (extremely dirty) items
m~2, and 25 of 26 Israel beaches, that ranged from 1.14
(very clean) to 36.29 (extremely dirty) items m™2 (Rangel-
Buitrago et al. 2020; Alkalay et al. 2007). The amount of
PL collected denotes an absolute predominance of colorful
LDPE bags over the other plastic products with a relative
abundance of 54.5% (Table 1). LDPE is the polymer used in
disposal plastic bags, which is higher in the Amazonia than
in other parts of Ecuador (Zambrano-Monserrate and Ruano
2020) and represent near 50% of the items reported in other
freshwater beaches (Blettler et al. 2019). PL studies in river

sand beaches in Amazonia are still scarce to provide fair
comparisons of our results with other parts of the Amazon
basin. When compared to other South American rivers, our
results showed lower PL amount (~0.045 items m™2) com-
pared to those found in a floodplain lake (~ 1.15 items m~2)
and one riparian zone (~2.27 items m~2) of the Parana River
(Blettler et al. 2017, 2019).

The average MP concentration found in the 55 stations
along the transects of the Puerto Misahualli beach was
987 (0-4200) items kg~! of dry sediment for particles of
size between 0.5 and 2 mm and 761(0-2200) items kg~! of
dry sediment larger than 2 mm and smaller than 5 mm. Our
results are similar to what was reported to Central Amazo-
nia (417-8178 items kg~' of dry sediment), being the high-
est MP (size: 0.063—5 mm) concentrations found near to
the metropolitan region of Manaus (Gerolin et al. 2020).
MP distribution in the sediment was variable at different
sections along the beach extension (Fig. 2a). Higher MP
concentration was found at transect T4 for MP items of size
between 0.5 to 2 mm and at T6 for items of size between 2 to
5 mm length (Fig. 2a). The MP distribution at the sampling
stations aligned perpendicular to the river (Fig. 2b) shows
that the MP concentration of items of both 0.5-2 mm and
2-5 mm was greater near the vegetation line (sampling sta-
tion E). This could be explained by accumulation of MP in
the barrier formed by the vegetation line during floodings
(Jayasiri et al. 2013). Fibers represent 97% of the total MP
found in the study area (Fig. 2c). This is in agreement with
other studies that report the prevalence of fibers in fresh-
water sediments (Yang et al. 2021), most likely originated
from clothing and other fiber products. We reported that blue
fibers were the most abundant ones (Fig. 2a and b), followed
by transparent and black fibers. Blue fibers are commonly

Table 1 The relative abundance of plastic litter (PL) and the proportion of polymeric types in the sediments of the Misahualli beach

Plastic litter (PL) Absolute number Relative abun-  Colorful Transparent Opaque items Polymeric type
of items dance (%) items (%) items (%) (%) Type (Total number)
Bag 109 54.5 88.5 20.9 39.2 LDPE (101) HDPE (8)
Cup 28 14.0 0.0 65.1 0.0 PP (28)
Straw 17 8.5 0.0 0.0 21.5 PP (17)
Bottle cap 8 4.0 0.0 0.0 10.1 PP (8)
Label 8 4.0 10.3 0.0 0.0 PVC (8)
Bottle 7 3.5 0.0 11.6 2.5 PET (7)
Spoon 7 3.5 0.0 0.0 8.9 PS (7)
Container 5 2.5 1.3 2.3 3.8 PET (2) HDPE (1) PP (1) PET(1)
Plate 4 2.0 0.0 0.0 5.1 PS(4)
Fork 3 1.5 0.0 0.0 3.8 PS(3)
Lollipop stick 2 1.0 0.0 0.0 2.5 PP(2)
Tube 1 0.5 0.0 0.0 13 PVC (1)
Shoe 1 0.5 0.0 0.0 13 PVC (1)
Sum (3)) 200 100.0 100 100 100 All (200)
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Fig.2 Quantification of Microplastic (MP) along the Misahualli
freshwater beach. MP was classified by color, shape (fibers and frag-
ments) and size range (0.5-2 mm and 2-5 mm). a MP average con-

found in freshwater systems affected by sewage spillage and
low wastewater treatment plant effluents (Leads and Wein-
stein 2019).

Although Tena and Archidona cities are provided with
three wastewater treatment plants, their efficiency in MP
removal is unknown. At both cities the sewage network
does not cover all urban and surrounding rural areas, and
there are several sewage spillages that flow into the rivers.
Moreover, neither Tena nor Archidona are provided with
effective landfills. The mismanagement of solid wastes in
landfills results in high levels of contamination of nearby
rivers caused by leachate, including the presence of met-
als in high concentrations (Capparelli et al. 2020). As such,
urban streams become important contributors in the dissemi-
nation of several contaminants, including both PL and MP,
downstream. This can result in constant load of domestic
waste outfall into the Misahualli River and its tributaries that
are transported to the Misahualli beach, which is the outlet
of the Misahualli River watershed.

We associated the presence of MP in the Misahualli beach
to plastic input upstream, that is transported by the Misa-
hualli River and deposited in the sediments of the beach dur-
ing occasional flooding. MP pollution in riverine sediments
can be more influenced by hydrological dynamics than other
factors, such as the proximity of dense population zones,
industrial activity or the location of wastewater treatment

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11

centration by transects. b MP average concentration by sampling sta-
tion. ¢ MP shape classification. d Pictures of MP fibers found in the
sediments in the study area

plants (Klein et al. 2015; Yang et al. 2021). Amazonian riv-
ers are subject to high variability in the water flow caused by
rainfall patterns. Extreme rainfall events lead to an increment
in the river flow that occasionally inundates areas located in
low topographic positions, such as the river beaches (Salo
et al. 1986). Thus, due to the small size, MPs get deposited
in low energy environments after flooding, a phenomenon
that has been reported in other areas (Giindogdu et al. 2018).
Depositional areas may also become sources of MP, as MP
deposited in sediments can be exported downstream (Hur-
ley et al. 2018). Hydrological dynamics could also explain
the prevalence of LDPE litter items in the study area, as
they are of low density (0.91+0.03 g/cm?) and easier to be
transported downstream during floods and be retained in
depositional areas.

Our assessment of the plastic contamination at Puerto
Misahualli provides a baseline information of PL and MP
distribution in sediments in one sand beach at the upper
Amazon basin, Ecuador. The presence of PL in the sedi-
ment requires controlling efforts to diminish the disposal of
these elements. If PL can be transported downstream, it will
reach depositional areas along the Amazonian wetlands and
may gradually become MP. Similarly, the presence of MP
in Puerto Misahualli raises a concern about the occurrence
of MP and its magnitude in comparison with more contami-
nated areas. MP concentrations seem to be clearly related to
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the distance to the river, showing higher concentrations in
the sampling stations near to the vegetation line. Conserva-
tion actions to control plastic disposal into Amazonia fresh-
water ecosystems are urgently needed, as we here report a
small part of an undocumented issue. This includes further
studies on the MP removal capacity of wastewater plants
and management actions towards global sewage treatment.
The absence of residual management in Amazonian cities
may result in pervasive MP and PL contamination of fresh-
water and potential adverse effects to the biota. We suggest
the continuous monitoring of the contamination in several
freshwater beaches at the upper Amazon basin by taking into
account hydrological dynamics.
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