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Tommaso Giarrizzo c,e, José Eduardo Martinelli Filho a,b 

a Centro de Estudos Avançados da Biodiversidade, Universidade Federal do Pará, Av. Perimetral, km 01, Guamá, Belém, PA, 66075-750, Brazil 
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A B S T R A C T   

Microplastics (MPs) have been identified as a major potential threat to the biota and human 
health. Despite the exponential increase in MP research worldwide, few studies have focused on 
the extensive Amazon biome. To assess research priorities, the present study reviewed and 
summarized the available scientific knowledge on MPs in the Amazon, in addition to analyzing 
population and waste-management data, to evaluate potential sources of MPs in the hydrographic 
system. Poor sanitation conditions are a main source of MPs for the vast hydrographic basin, and, 
consequently, for the adjacent ocean. Secondary MPs predominated, mostly fibers (96% of 
debris), composed of polyamide (32%). Mean MP concentrations ranged from 0.34 to 38.3 par
ticles.individual− 1 in biota, 5 to 476,000 particles.m− 3 in water, and 492.5 to 1.30848 × 107 

particles.m− 3 in sediment, values in close comparison with those found in areas profoundly 
affected by anthropogenic pollution. MPs were widespread in a range of Amazonian environ
ments and species, and negative effects are probably occurring at various ecological levels. 
However, limited research, methodological constraints, flaws and the lack of standardization, 
combined with the continental dimensions of the Amazon, hampers the collection of the funda
mental knowledge needed to reliably evaluate the impacts and implement effective mitigation 
measures. There is an urgent need to expand scientific data available for the region, improving 
local research infrastructure, and training and deploying local researchers.   

1. Introduction 

Large-scale production of plastics and lack of adequate management have led to the accumulation of millions of tons of plastic 
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waste in the environment each year, creating one of the currently most serious environmental problems [1]. Our planet has now been 
exposed to plastic for almost a century, and plastic pollution is widespread in all ecosystems, predominantly in the form of small (1 
μm–5 mm), persistent particles, known as microplastics (MPs) [2]. This microscopic debris has the potential to impact virtually all 
levels of the food chain, including the human species, and exposure to MPs may result in a range of adverse effects, including chemical 
contamination and even physical harm [3–6]. 

Due to their ubiquitous presence and potential magnitude of impact, MPs have become a key topic in recent scientific literature [7, 
8]. However, despite the growing global concerns regarding plastic waste as an environmental, health, and economic problem, until 
2019, only about 22.9% of the world’s countries have implemented any research on this topic. Europe is responsible for the largest 
percentage (38%) of available studies on MPs, followed by Asia (36%) and North America (12%) [9]. In contrast, South America has 
contributed only 7% of the total number of studies, most of these in Brazil, Peru, Argentina, and Colombia over the past decade [10]. 
Regarding the Amazon biome, research on MPs is emergent, with the first scientific paper published only in 2018 [11]. 

The extensive Amazon ecosystem supports a rich biological diversity and vital ecosystem services [12]. Given its immense biomass, 
the region acts as a powerful carbon sink by absorbing and storing significant amounts of carbon dioxide from the atmosphere, and 
thus plays a crucial role in the potential mitigation of climate change [13]. The Amazon is also a major global source of freshwater, 
contributing to the hydrological cycle by maintaining and replenishing supplies at a global scale [14,15]. 

The hydrological connectivity of the Amazon basin allows pollutants to spread readily across long distances, affecting even the 
most remote and pristine portions of the biome [16]. This connectivity makes the basin extremely vulnerable to pollution by MPs 
derived from both local and distant sources. MP pollution has been reported in a range of Amazon environments [17–21]. However, 
few studies have been conducted up to now in the region, and little information is available on the sources, occurrence, and fate of the 
MPs. In view of this, the present study reviewed the available literature on MPs in the Amazon biome (water, sediments, and biota), 
complementing this review with a spatial analysis of population density and waste management to evaluate potential MP sources in the 
region. By combining these approaches, we sought to identify priority areas for research and the potential to advance knowledge of MP 
pollution patterns in the vast Amazon region. We also sought to evaluate the region as a source of MP pollution for the world’s oceans. 

2. Methods 

2.1. Acquisition and processing of data on population density and waste management 

To evaluate the potential sources of MPs in the Amazon basin, we compiled the available data on population density and basic 

Fig. 1. Delimitation of the Amazon biome and collection sites of the microplastic studies identified in the region. The images were acquired by the 
BaseMap tool of the QGis 3.16.5 software, and obtained through the QuickMapServices 0.19.16 plugin, data source: ESRI Satellite. 
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sanitation services in the exorheic hydrographic basins within the biome (Amazon, Tocantins-Araguaia, and West-Northeast Atlantic 
basins). The population data were obtained from the websites of the Brazilian Institute for Geography and Statistics (IBGE), the Na
tional Administrative Department of Statistics (DANE), the Bureau of Statistics (BoS), the General Bureau of Statistics (ABS), the 
National Institute of Statistics (INE), the National Institute of Statistics and Censuses (INEC), the National Institute of Statistics and 
Informatics (INEI), and the National Institute of Statistics of Bolivia (INE). The dataset was geoprocessed to generate maps of popu
lation density, which were interpolated by geopositioning of the municipalities, through the Inverse Distance Weighted (IDW) 
interpolation method [22]. 

Data on the percentage of urban areas covered by public sewage collection, rainwater-drainage systems, and solid waste disposal 
systems in the Brazilian Amazon were obtained from the websites of the National Waters and Public Sanitation Agency (ANA) and the 
National Public Sanitation System (SNIS). Data on basic sanitation for the other countries in the Amazon region were difficult to find 
and often lacked spatial detail, thus being excluded from the analysis. The resulting dataset was used to produce heat maps to illustrate 
the coverage of urban services. A Basic Sanitation Index (BSI) was also calculated for all municipalities for which data were available. 
The cumulative level of basic sanitation was determined by summing the urban service coverage data. To standardize the index, this 
value was divided by 100, normalizing it as a rational number ranging from 0 to 3. Based on this sanitation index, the public sanitation 
services of each municipality were classified in one of four possible categories: (i) precarious (BSI = 0), (ii) low (BSI = 0–1), (iii) 
moderate (BSI = 1–2), and (iv) adequate (BSI >2). The municipalities were geopositioned on a map to generate a thematic map. All 
maps were produced in QGIS, version 3.10, 64 bits. 

2.2. Literature review, search terms, and selection criteria 

A comprehensive literature search was conducted to identify published papers on MPs in the Amazon mainland and continental 

Fig. 2. Basic sanitation index (BSI) and percentage of urban coverage served by sanitation services in the municipalities of the Brazilian Amazon 
region. The BSI was determined by summing the urban service coverages and diving the obtained value by 100 to normalizing the index as a rational 
number from 0 to 3. The BSI was categorized as follows: Precarious (BSI = 0), Low (BSI > 0–1), Moderate (BSI > 1–2), and Adequate (BSI >2). The 
images were acquired by the BaseMap tool of the QGis 3.16.5 software, and obtained through the QuickMapServices 0.19.16 plugin, data source: 
ESRI Satellite. Data on public sewage collection, rainwater-drainage systems, and solid-waste disposal systems obtained from the websites of the 
Brazilian National Waters and Public Sanitation Agency (ANA) and the National Public Sanitation System (SNIS). 
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shelf. This search was focused on the principal scientific indexing websites, the Web of Science, Science Direct, and Google Scholar. The 
literature search was based on a specific set of keywords (see Supplementary Material, Table S1) and analyzed only the white literature 
(peer-reviewed scientific papers and books) published up until April 2023. 

From the search results, publications describing the characteristics and abundance of MP debris found within the geographical 
limits of the Amazon biome (Fig. 1) were selected. The selection criteria included field studies on biota, sediments, and/or waters. 
Experimental studies on the effects of MPs on endemic fauna were also considered, in order to assess all available information on the 
potential impacts of this debris in the biome. Several metric and non-metric variables, including bibliometric information; study-site 
details; matrix examined; environment analyzed; sampling and processing methods; plastic concentrations, sizes, shapes, colors, and 
compositions; and other relevant data were extracted from each publication. These data were compiled to generate a database (see 
Supplementary Material). Descriptive statistics were extracted from the data for the discussion of research patterns and results. The 
units used to describe the concentration of MPs in sediments varied between units per volume and units per weight. To convert the data 
obtained to the same units and allow comparison, the sediment density was roughly considered as 1600 kg m− 3. After testing the 
assumptions of homoscedasticity and normality, a Spearman’s rank correlation was performed to determine the association between 
the compiled MP occurrence data and the population and sanitation descriptors. 

3. Results and discussion 

3.1. The amazon basin as a MP pollution hotspot 

Only 2.6% of the 313 municipalities analyzed in the Brazilian Amazon region were classified as adequate in terms of their basic 
sanitation services, while 34.8% were classified as low and 15% as precarious (Fig. 2). Solid waste disposal systems were a more 
satisfactory urban service, with a mean availability of 76% among the different municipalities, although sewage collection (6.2%) and 
rainwater drainage systems (11.7%) showed notably low mean percentages of urban service. Anthropogenic litter input is highly 
aggravated by the inadequacy of basic services such as waste management [23–25]. The poor sanitation conditions found in most of 
the Amazon region thus represent a major potential source of input of plastics and MPs for the world’s largest fluvial system. 

Population density in the Amazon region tends to be highest along the river margins, with peaks on the Amazon (181 inhabitants. 
km− 2) and Tocantins (2512 inhabitants.km− 2) rivers (Fig. 3). This scenario, together with the unregulated urbanization of the region 
[26], its poor sanitation conditions and extensive landscapes, makes the Amazon basin a potential MP hotspot for the world’s oceans. 
This conclusion is supported by a recent estimate that identifies the Amazon River as the world’s second most-polluted river [27]. 

Furthermore, fishing is a major commercial and subsistence activity in numerous communities along the Amazon coast [28], where 
it can represent both a marine- and a land-based source of plastics for the environment if not managed adequately. Fisheries equipment 
evolved with the introduction of plastic polymers, and fishing gear is now made primarily of plastic. Large amounts of these plastic 

Fig. 3. Population density (number per km2) in the Amazon biome. Images acquired by the BaseMap tool of the QGis 3.16.5 software and obtained 
through the QuickMapServices 0.19.16 plugin. Population data obtained from the websites of the Brazilian Institute for Geography and Statistics 
(IBGE), the Colombian National Administrative Department of Statistics (DANE), the Guyanese Bureau of Statistics (BoS), the Surinamese General 
Bureau of Statistics (ABS), the Venezuelan National Institute of Statistics (INE), the Ecuadorian National Institute of Statistics and Censuses (INEC), 
the Peruvian National Institute of Statistics and Informatics (INEI), and the National Institute of Statistics of Bolivia (INE). 
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objects invade the aquatic environment when accidently lost, deliberately discarded, or after the natural wear and tear of long-term use 
[29]. In general, fisheries activities tend to be correlated with higher amounts of MPs in the environment [30–32]. 

Moreover, certain natural landscapes of the Amazon region are also prominent tourist destinations. The local tourism industry has 
developed irregularly and lacks adequate organization, often disregarding the socio-environmental context of the region. A mass influx 
of tourists can temporarily increase the population of communities located on the Amazon coast by as much as sixfold [18,33], far 
exceeding the local carrying capacity. The impacts generated by mass tourism include pollution by sewage and littering, overuse of 
water resources, and unregulated urbanization [34]. These factors combine to increase the release of pollutants, in particular MPs, into 
the environment [35–38]. 

3.2. Literature review 

A total of 399.670 publications were retrieved from the literature search (16.561 from Web of Science, 125.356 from Science 
Direct, and 257.753 from Google Scholar). Among these, 24 published scientific papers on MPs were identified in the Amazon biota 
(66% of the studies), water and/or sediments (17% each). No studies on nano-plastics (<1 μm) in the natural environment were 
located during the review. The articles were published over a span of five and a half years, from 2018 to 2023, although one-third were 
released within the past six months (Fig. 4A), reflecting the extremely recent development of this field of research in the Amazon 
region. Most papers were published in the English language except for one in Spanish. The majority were published in peer-reviewed 
international journals with a high impact factor (7.9 ± 3.3 on average), such as Environmental Pollution (20.8% of the studies), Marine 
Pollution Bulletin and Science of the Total Environment (16.7% each). 

Fig. 4. The distribution of the 23 published papers on microplastic (MP) pollution in the Amazon identified in the present study, according to A: 
year of publication; B: sector of the basin; C: matrix analyzed; D: research topic; E: reported MP shapes; and F: polymer composition. ABS: Acry
lonitrile Butadiene Styrene; EVA: Ethylene-Vinyl Acetate; HDPE: High-Density Polyethylene; PET: Polyethylene Terephthalate; PVC: Polyvi
nyl Chloride. 
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Matrix Sampling method Processing Analysis Contamination control Mean MP concentration Reference 

Biota 
Coastal fish (3 spp.) Purchased from 

fisherman 
Necropsy Microscopy Cleaning of worksurfaces and instruments, use of vinyl gloves, 

cotton laboratory clothing, use of closed shoes 
– [53] 

River fish (16 spp.) – Necropsy FTIR spectroscopy Laminar flow, filtration of solutions, petri dishes to airborne 
contamination 

2.09 MPs.individual− 1 [77] 

River fish (11 spp.) Purchased from 
local market 

Necropsy Microscopy Use of metal or glass instruments, cleaning of worksurfaces, 
cotton laboratory clothing, petri dishes to airborne 
contamination 

0.34 ± 1.19 MPs. 
individual− 1 

[55] 

River fish (29 spp.) Bottom trawl (5 
mm mesh) 

Necropsy, digestion (30% H2O2, 75 ◦C, 48 
h), filtration (0.45 μm mesh) 

FTIR spectroscopy Cleaning and covering of worksurfaces and instruments, cotton 
laboratory clothing, avoidance of plastic instruments, petri 
dishes to airborne contamination, reduced personnel in 
workstation 

1.8 ± 1.6 MPs. 
individual− 1 

[49] 

Phylloicus elektoros Experiment – – – – [48] 
Macrobrachium 

amazonicum 
– Necropsy, digestion (30 and 40% H2O2, 

room temperature, 96 h), flotation (36 
g.100 ml− 1 NaCl), filtration (5 μm mesh) 

FTIR spectroscopy, 
FT-Raman 

Cleaning of worksurfaces and instruments, cotton laboratory 
clothing, use of metal instruments, use of latex gloves, blank 
control 

5.45 ± 4.07 and 3.20 ±
2.64 MPs.individual− 1 

[39] 

Symphysodon 
aequifasciatus 

Experiment Necropsy, digestion (10% KOH) Fluorescence 
confocal 
microscopy 

– – [47] 

S. aequifasciatus Experiment Necropsy, digestion (10% KOH, 30 ◦C, 12 
h) 

Fluorescence 
microscopy 

– – [46] 

Bunodosoma 
cangicum 

Active searching Necropsy FTIR spectroscopy Cleaning of worksurfaces and instruments, petri dishes to 
airborne contamination, avoidance of plastic instruments, 
reduced personnel in workstation, filtration of solutions 

1.6 ± 1.5 MPs. 
individual− 1 

[40] 

Estuarine fish (46 
spp.) 

Bottom trawl Necropsy FTIR spectroscopy Cleaning of worksurfaces and instruments, petri dishes to 
airborne contamination 

1.2 ± 5 MPs. 
individual− 1 

[17] 

Hypanus guttatus Purchased from 
fisherman 

Necropsy FTIR spectroscopy Cleaning and covering of instruments, use of fume hood, 
natural fiber laboratory clothing, maintenance of doors and 
windows closed in workstation, petri dishes to airborne 
contamination 

2.4 ± 1.7 MPs. 
individual− 1 

[52] 

Stream fish (14 
spp.) 

Hand nets (3 mm 
mesh) 

Necropsy, digestion (H2O2, room 
temperature), filtration (0.2 μm mesh) 

Microscopy Petri dishes to airborne contamination, cleaning and covering 
of instruments, filtration of solutions, cotton field and 
laboratory clothing, use of metal instruments, fixation liquid 
analysis, cotton cover on microscope 

5.6 ± 3.8 MPs. 
individual− 1 

[50] 

Potamotrygon 
leopoldi 

Longline and cast 
net 

Necropsy FTIR spectroscopy Cotton laboratory clothing, reduced personnel in workstation, 
non-use of air conditioning, cleaning and covering of 
instruments, filtration of solutions, use of fume hood, petri 
dishes to airborne contamination 

3.8 ± 1.6 MPs. 
individual− 1 

[51] 

River fish (15 spp.) Purchased from 
local market 

Necropsy, digestion (10 Mol.L− 1 NaOH, 
120 h), sieving (0.075 μm mesh) 

Microscopy Cleaning of worksurfaces, blank control 38.3 MPs.individual− 1 [54] 

S. aequifasciatus Experiment Lyophilization, digestion (HNO3, 70 ◦C, 2 
h) 

Fluorescence 
spectroscopy 

– – [11] 

S. aequifasciatus Experiment – – – – [45] 
Sediment 
River sediment Van Veen grab Sieving (63 μm mesh), digestion (H2O2, 

room temperature, 24 h), flotation (1.70 
kg.L− 1 ZnCl2), filtration (18 μm mesh) 

Microscopy Use of non-plastic instruments 417–8178 MP kg− 1 [19] 

Beach sediment Hand trowel Sieving (2000 and 500 μm meshes) Microscopy Not described 987–761 MP kg− 1 [44] 
Beach sediment Excavation of 

quadrants 
Sieving (250, 500 and 5000 μm meshes), 
flotation (1.15 kg.L− 1 NaCl), filtration 

Microscopy Plastic cover on microscope, petri dishes to airborne 
contamination 

492.5 MP m− 3 [18] 

Beach sediment Excavation of 
quadrants 

Sieving (300 μm mesh), flotation (1.2 kg. 
L− 1 NaCl), filtration (2 μm mesh) 

Microscopy Not described 3040–20,300 MP m− 3 [43] 

Water 
Artificial pond 

water 
Horizontal and 
vertical plankton 
net trawl 

Sieving (6 mm mesh) Microscopy Cotton laboratory clothing, petri dishes to airborne 
contamination, cleaning of work instruments, reduced 
personnel in workstation, use of nitrile masks and gloves 

20,000–476,000 MP 
m− 3 

[42] 

Surface river water Plankton net trawl 
(300 μm mesh) 

– Microscopy Petri dishes to airborne contamination, cotton laboratory 
clothing, use of metal instruments 

3.2 ± 5.85 MP m− 3 [41] 

Surface marine 
water 

Metal bucket and 
plankton net (45 
μm mesh) 

Filtration (0.47 μm mesh) FTIR spectroscopy Cotton laboratory clothing, cleaning of worksurfaces and 
instruments, use of non-plastic instruments, blank control, use 
of still-air box coupled with vacuum pump 

4772 ± 2761–2672 ±
1167 MP m− 3 

[20] 

Surface river and Water pump and Drying (45 ◦C), filtration (0.7 μm mesh), FTIR spectroscopy Use of non-plastic instruments, cleaning of instruments, cotton 5–74,550 MP m− 3 [21]  
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Most of the studies were conducted in the Brazilian Amazon (19 publications), followed by Peru (2), and Ecuador and Guyana (1 
each). The middle Amazon basin was most studied (40% of the papers), followed by the lower (35%) and upper (15%) basins and the 
continental shelf (10%). Fish represented 54% of the matrices, while water and sediment corresponded to 17% each. Cnidarians, 
insects, and crustaceans each comprised 4% of the matrices (Fig. 4B and C). 

These papers describe the baseline of MP pollution in the Amazon (Table 1), exploring the ingestion of MP by aquatic fauna, its 
presence in the abiotic environment, and the physiological effects of exposure to it (Fig. 4D). A plurality of publications (46%) assessed 
the ingestion of MPs, mostly in freshwater (6 studies) or estuarine fish (3). Ingestion of MPs was also reported in the freshwater shrimp 
Macrobrachium amazonicum [39] and the coastal sea anemone Bunodosoma cangicum; the latter was proposed as a potential biomonitor 
species for MP contamination [40]. 

Environmental screening (i.e., water and sediment screening) for MPs was documented in eight papers (33% of the studies). Half of 
these papers addressed water contamination, while the remainder focused on sediment contamination. The presence of MPs was 
reported in the waters of the Amazon continental shelf [20], as well as in samples from freshwater sources in the Amazon basin, 
including the Amazon, Negro, Tapajós, and Tocantins rivers and in urban streams [21,41]. The presence of these pollutants was also 
investigated in manmade freshwater fish-farming enclosures [42]. MPs were quantified in sediments from the beds of the Negro, 
Solimões, and Amazon rivers [19], sandy estuarine beaches [18,43], and a river beach [44]. 

A total of five experimental studies (21% of the papers) were conducted on the Amazon fauna. Four investigated the physiological 
effects and cumulative impacts of MPs and other environmental pressures on the endemic ornamental blue discus fish, Symphysodon 
aequifasciatus [11,45–47]. The other tested the effects of MPs and climate change on the aquatic insect Phylloicus elektoros [48]. 

3.3. Methods for sampling and processing MPs 

The procedures employed for sampling and processing MPs, as well as quality control, are critical factors in any study, because 
these particles may be found suspended in the air in any anthropogenic environment, including research facilities. The use of inad
equate analytical protocols or a lack of quality-control and quality-assurance procedures can cause extensive background contami
nation [10], leading to inaccurate results. In general, the sampling and processing methods employed for the analysis of MPs have 
varied widely in studies of the biota, water, and sediments of the Amazon region (Table 1). 

Fish have been collected by bottom trawls [17,49], hand nets [50], longlines and cast nets [51], or purchased from fishermen [52, 
53] or in local markets [54,55]. Invertebrates were collected manually by active searching [39,40]. Specimens have been processed by 
necropsy of the organs and, in some but not all cases, by digestion, flotation, sieving, and filtration of the samples. Most of the studies 
on MP ingestion by Amazonian biota involved polymer analyses (7 of 11 papers), including Fourier Transform Infra-Red (FTIR) and 
FT-Raman spectroscopy. Background contamination was minimized using specific procedures in all studies that assessed the presence 
of MPs in the biota, ranging from basic precautions to strict protocols (see Supplementary Material). 

The experimental studies on S. aequifasciatus examined the effects of MPs composed of different plastic polymers (polyethylene, 
polystyrene, and polyamide), both alone and combined with other stressors [11,45–47]. The experiments assessed parameters such as 
accumulation of MPs and cadmium post-exposure predatory performance and swimming behavior, and intestinal microbiota, as well 
as biomarkers of neurotransmission, digestion, energy production, oxidative stress, and the response of the immune system. Firmino 
et al. [48] experimentally investigated the effects of MPs, both alone and combined with increasing temperatures and carbon dioxide 
concentrations, on the aquatic insect P. elektoros, based on the survival and food consumption of individuals. 

Different studies obtained water samples for analysis using plankton nets (45, 55, and 300 μm mesh), by surface trawling [41,42], 
filtering surface-water samples collected in a metal bucket [20], or with a water pump [21]. The samples were analyzed using ster
eomicroscopy, in natura [41] or after passing the samples through metal sieves [42] or vacuum filtration [20]. In some cases, the 
samples underwent additional processing by sieving, digestion, and flotation [21]. Two of the studies included FTIR spectroscopy. 
Background contamination was avoided by specific procedures in all the studies (see Supplementary Material). 

Samples of beach sediment were collected from the substrate surface [44] or from different depth strata [18,43]. Gerolin et al. [19] 
collected sediment samples from riverbeds with a Van Veen grab. Samples were processed by sieving [44] or by sieving followed by 
flotation and filtration [18,43]; only one study used digestion [19]. None of the studies conducted polymer analyses. Only Martinelli 
and Monteiro [18] and Gerolin et al. [19] described some type of contamination control. 

3.4. Limitations and challenges for sampling and processing MPs in the amazon 

The Amazon’s vastness and complex aquatic systems, coupled with the limited availability of material and financial resources, 
impose substantial logistical challenges to MP research, and contribute to disparities and flaws in methodological design. The studies 
found here used 17 different schemes to classify the particles, which introduces a significant complication for comparability of the 
data. Studies on biota, employed the most standardized methods for extraction and analysis of the particles (see Supplementary 
Material). Furthermore, some environmental studies did not replicate their samples, which also limits assessment of the variability and 
reliability of their results [18,20,21,44]. 

The mesh sizes employed to collect water samples varied considerably among studies, ranging between 45 μm and 300 μm. 
Similarly, sieve meshes used in sediments processing ranged from 63 μm to 500 μm. Notably, many environments of the amazon biome 
are characterized by high levels of organic matter [56], which can obstruct the finest meshes, and complicate the digestion, sieving, 
and filtration processes of MP, thus requiring adaptation of the methodological procedures. 

The lower limit of detection reported for the size of MPs in the Amazon region was 55 μm, which is important since the level of 
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contamination may be underestimated by a lack of data for smaller particles. Nevertheless, this is probably a common pattern 
worldwide in studies of this type, where the smaller the particles analyzed, the sparser the data (e.g., Gigault et al. [57]). 

Most studies employed NaCl solutions for density sample separation, an inexpensive method considered optimal for separating low- 
density plastic particles [58]. High-density solutions such as ZnCl2 are effective for separating a wide range of plastic particles, 
although only Gerolin et al. [19] used this technique. In particular, the use of a high-torque mechanical agitator during sediment 
density separation may have fragmented the MPs, leading to an overestimate of their abundance [43]. 

The units used to report the concentration of MPs in sediments also vary among studies. While some authors report concentrations 
as the number of units per volume [18,43], others report the number per weight [19,44], thus introducing difficulties in the com
parison of different studies. 

A crucial factor in MP research is the reliable identification of polymers, because organic materials such as cellulose can be 
mistaken for plastic particles. Only about half (9 of 19) of the publications on the occurrence of MPs in the natural environment 
employed state-of-the-art techniques, such as FTIR and FT-Raman, to identify the polymers. Studies that do not conduct FITR or FT- 
Raman should at least adopt some appropriate method, such as chemical digestion, to distinguish plastics from natural compounds, 
although only six studies used chemical digestion prior to quantifying and classifying the MPs. Studies that did not use any analytical 
procedure to confirm the composition of the particles should use the term “potential MPs” when referring to the observed debris. 

The use of quality-control protocols in both the field and laboratory is also essential for a reliable analysis of MPs. Only two of the 
papers identified here mentioned no steps to avoid background contamination [43,44]. Again, the protocols were not standardized in 
any way, and involved not only different procedures, but also varying levels of stringency in the control of potential contamination. 
There was also a general lack of contamination control in the field, with only three studies mentioning any steps to avoid background 
contamination during sampling [21,40,50]. 

Overall, these limitations indicate the need for harmonization and standardization of sampling, processing, and analytical methods 
used to study MPs, as well as the protocols used to control background contamination. In this context, we encourage researchers to 
apply methodological guidelines provided by international organizations, including the Joint Group of Experts on the Scientific As
pects of Marine Environmental Protection [2] and the United Nations Environment Programme [59]. Future studies would also benefit 
from the parameters outlined in our database (see Supplementary Material), which should not only enable implementation of more 
accurate measurements, but also guarantee the reliability of comparisons between studies. Moreover, the implementation of local 
scientific meetings and workshops to discuss MP pollution in the Amazon is recommended to promote the improvements in meth
odological standardization. 

3.5. MP environmental loads and effects 

The studies identified in this review show that pollution by MPs is widespread across the Amazon basin, being detected in envi
ronments ranging from small rivers in the vicinity of the Andes to the Amazon continental shelf. A wide range of shapes and polymers 
were recorded in the Amazon region (Fig. 4E and F). However, few data concerning measurement of the effects of these pollutants were 
available. 

In general, secondary microplastics in the form of fibers predominated in the matrices analyzed, comprising 96% of the reported 
debris. This outcome aligns with the global pattern, as fibers are the most commonly identified shape of MPs in the scientific literature 
[25,60]. The most common polymers identified in the Amazon region were polyamide (PA, 32%), polyethylene terephthalate (PET, 
16%) and high-density polyethylene (HDPE, 13%). PA is primarily employed in synthetic textile products, representing most MP fibers 
released by domestic effluents, especially wastewater from washing machines [61,62]. Its prevalence corroborates the hypothesis that 
poor sanitation conditions in the Amazon are the major source of MPs for the biome. Additionally, PA is also commonly used in the 
production of fishing nets and ropes, suggesting the prominence of fishing-related activities as another MP sources in the region. 
Moreover, PET is mainly used in the manufacture of bottles and strapping, and HDPE in the production of plastic bags and storage 
containers [2]. 

Fig. 5. Scatter plot between population density and microplastic frequency of occurrence (FO) reported in literature. Shaded area indicates 95% 
confidence interval for the linear regression. R2 = 0.1074, F = 9.747, p = 0.00249, y = 52.50 + 0.22x. 
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Mean concentrations of MP ranged from 5 to 476,000 particles.m− 3 in the waters and from 492.5 to 13,084.8 × 103 particles.m− 3 in 
the sediments of the Amazon region, with the highest environmental concentrations found in the waters and sediments of the Negro 
River, middle Amazon basin. These MP concentrations place the Amazon region in close comparison with areas profoundly affected by 
anthropogenic pollution, such as the Yellow River (MP concentrations in water: 380,000–1,392,000 particles.m− 3, and sediment: 
69,712–984,000 particles.m− 3) and the Yangtze River in China (water: 480–21,520 particles.m− 3, and sediment: 57,216–5096.5 × 103 

particles.m− 3) [63–65]. 
Microplastic was reported in a total of 85 Amazonian species, including 83 fish, one cnidarian and one crustacean. In Amazon’s fish, 

MP concentrations ranged from 0.34 to 38.3 particles.individual− 1, with a mean frequency of occurrence of 65.5% in the specimens 
analyzed. Elsewhere, lower frequencies of occurrence have been found in fish from highly polluted rivers such as the Mississippi (12%) 
and the Thames (33%) [66,67]. The frequency of MP occurrence in Amazon fish was also higher than those found in marine fish from 
the Yellow Sea (34% [68]), North Sea (2.6% [69]), and off the Portuguese coast (19.8% [70]). 

Regarding Amazon invertebrates, the native shrimp Macrobrachium amazonicum showed mean MP concentrations of 5.45 ± 4.07 
and 3.20 ± 2.64 particles.individual− 1 [39]. MP concentrations in these shrimps were only slightly lower than those found for shrimp 
collected in areas surrounded by petrochemical industries, such as the northern Bay of Bengal (Penaeus monodon: 6.60 ± 2 MPs. 
individual− 1 and Metapenaeus monoceros: 7.80 ± 2 MPs.individual− 1 [71]) and the Musa estuary in the Persian Gulf (Penaeus indicus: 
21.8 MPs.individual− 1 and Penaeus semisulcatus: 7.8 MPs.individual− 1 [72]). 

In the sea anemone Bunodosoma cangicum, MPs were reported in a mean concentration of 0.8 particles.g− 1 of wet weight (or 1.6 ±
1.5 particles.individual− 1) [40]. These values are notably lower than those discovered in Actinia equina along the north coast of Spain 
(35.7 particles.g− 1 [73]), and comparable to sea anemones from the family Actiniidae collected in the Chukchi Sea (0.04–0.94 par
ticles.g− 1 [74]). 

A positive correlation was found between the frequency of occurrence of MP reported in the studies and population density of the 
study area (Spearman’s rho = 0.4745356, S = 50,068, p = 0.000006), highlighting the impact of population distribution on debris 
input. Linear regression analysis indicates that 10.7% of the variance in the MP frequency of occurrence can be explained by popu
lation density (R2 = 0.1074, F = 9.747, p = 0.00249) (Fig. 5). No significant correlation was found between MP frequency of 
occurrence and sanitation index (Spearman’s rho = − 0.06213969, S = 101,205, p = 0.5768). 

In the upper Amazon basin, Lucas-Solis et al. [44] reported high MP concentrations in beach sediments along the Misahualli River, 
a small affluent of an early tributary of the Amazon River. Mean MP concentrations were 1579.2 × 103 particles.m− 3 of dry sediment 
for plastics measuring 0.5–2.0 mm, and 1217.6 × 103 particles.m− 3 for plastics measuring 2–5 mm, with most particles classified as 
fibers (97%). Studies in Iquitos found MPs in gills and internal organs of commercial fish species from local markets, with a notable 
increase in MP frequency of occurrence and concentration over one year period. Chota-Macuyama and Mendoza [55] found MPs in one 
out of 11 fish species, with a total frequency of occurrence of 12% and a mean abundance of 0.34 (±1.19) particles.individual− 1. One 
year later, Rojas et al. [54] found MPs in 15 fish species from the same area, with items occurring in 100% of the specimens analyzed, in 
a mean abundance of 38.3 particles.individual− 1. Fibers predominated in both cases, comprising more than 80% of the MPs. However, 
only Chota-Macuyama and Mendoza [55] determined the polymeric composition of the particles, by digestion (NaOH 10 mol.L− 1 for 
120 h), which may account for the difference of one order of magnitude from the results of Rojas et al. [54]. Additionally, Iquitos is a 
large urban center (146,853 inhabitants, 24.76 inhabitants.km− 2) that continually suffers a process of unregulated urbanization, 
resulting in the rapid proliferation of periurban settlements exposed to poor sanitation conditions along the margins of the rivers that 
surround the city [75,76]. The progress of this process contributes to the accelerated increase of environmental pollution and may 
account to the observed discrepancies between different years. 

In the middle Amazon basin, sediments contained only fibers, of 8 different colors, whereas the water samples contained MPs in the 
shape of fragments, fibers, films, beads and foams, of 10 different colors. Mean MP concentrations in the sediments varied from 
667,200 particles.m− 3 in the Amazon River to 13,084.8 × 103 particles.m− 3 in the Negro River [19]. In the water of the middle basin, 
mean values varied from 0.25 particles.m− 3 in the Tapajós River [41] to 170,666.7 particles.m− 3 in the Madeira River basin [42]. 
Furthermore, a total of 32 plastic polymers have been reported from the water of this region [21,41]. 

MP was reported in the digestive tract of 38 fish species of the middle amazon basin, including the endemic Xingu River ray 
(Potamotrygon leopoldi) [49,51,77]. The detected debris were classified as fibers, spheres, foam, and hard and soft fragments, in 14 
different colors. A total of 17 different polymers were identified in the organism. Mean MP concentrations varied from 1.8 (±1.6) to 3.8 
(±1.6) particles.individual− 1. MP was also recorded in the in a commercially valuable native shrimp (Macrobrachium amazonicum) in 
the area. Particles were identified in the digestive tract, cephalothorax, and abdomen of 89% of the shrimp specimens, with a mean 
concentration ranging from 3.2 (±2.64) particles.individual− 1 in a rural portion of the floodplain to 5.45 (±4.07) particles.individ
ual− 1 in an urban area. Blue polypropylene fibers were the predominant type of MP found in the shrimp [39]. 

In the lower Amazon basin, MPs have been found to be widespread in the sediments of estuarine sandy beaches. This debris was 
detected in strata up to 80 cm deep, with mean concentrations ranging from 492.5 to 20,300 particles.m− 3 across different beaches 
[18,43]. At least 95% of the particles were fibers, although fragments and pellets were also found. Blue, transparent, black, red, green, 
white, and brown particles were reported. 

Water from the lower basin contained mean MP concentrations varying from 9 particles.m− 3 in the right branch of the Amazon 
River estuary to 3095 particles.m− 3 in urban streams. Fibers, films, fragments and glitter, of 10 different colors, were reported from the 
samples. Moreover, polyester, polyethylene (PE), polystyrene (PS), polypropylene (PP), acrylic, Polyvinyl Chloride (PVC), alkyd 
varnish, and PA were detected in the waters of this area [21]. 

Ribeiro-Brasil et al. [50] recorded MPs in 14 fish species from 12 streams in the basins of the Guamá and Acará-Capim rivers in the 
lower Amazon basin. MPs were detected in the gills and digestive tracts of all but one of the fish. On average, 5.6 (±3.8) particles were 
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found per individual. Only fibers and fragments were detected in this study, with most MPs reported as fibers (93.5%). 
MPs have also been detected in invertebrates from the lower Amazon basin. Morais et al. [40] reported MPs in the gastrovascular 

cavity of the sea anemone Bunodosoma cangicum collected from intertidal beach rocks on the right margin of the Marajó Bay estuary. 
MPs were documented in 75.6% of the specimens, with a mean of 1.6 (±1.5) particles.individual− 1. Fibers (84% of the particles), 
fragments (12%), and films (4%), of 8 different colors were reported in the organism. MP composition was identified as PET (44.7%), 
PP (18.4%), PA (10.5%), polyurethane (PU; 10.5%), PE (7.9%), acrylonitrile butadiene styrene (ABS; 2.6%), PS (2.6%), and rayon 
(2.6%). 

On the Amazon continental shelf, Queiroz et al. [20] recorded MPs in 100% of the water samples collected, with a mean con
centration of 4772 (±2761) particles.m− 3 in the rainy season and 2672 (±1167) particles.m− 3 in the dry season. Fibers predominated 
during the rainy season (58% of the total MPs), and fragments (53%) in the dry season. The MPs were blue (28%), transparent (25%), 
or yellow (16%), composed of PA (22%), PU (11%), ABS (8%), PET (7%), ethylene–vinyl acetate (EVA, 6%), PE (3%), and PVC and PP 
(1% each). The high MP concentrations recorded may have been related to the presence of manmade cellulose fibers, which were 
counted together with the MPs, and the lack of digestion steps used. 

Regarding the fauna of the Amazon continental shelf, Pegado et al. [17,52] and Alfred et al. [53], reported MPs in 14 fish species 
from the Amazon River estuary, three commercial fish species off the coast of Guyana, and in the longnose stingray (Hypanus guttatus) 
in the Gulf of Maranhão. MP occurred in 28% of the analized specimens and mean abundances varied from 1.2 (±5) to 2.4 (±1.7) 
particles.individual− 1. MPs included pellets, microbeads, films, fibers, foam, and fragments. The identified colors were transparent, 
blue, red, green, yellow, white, black, silver, and orange. Particles were composed by PE, PA, rayon, PET, ABS, PP, and a blend of PET 
and styrene butadiene rubber (SBR). 

Experimental studies on the endemic fish S. aequifasciatus, revealed that MPs can decrease acetylcholinesterase (AChE) activity, 
negatively impacting its predation performance. Digestive enzyme activity also decreased by exposure to MP, particularly at elevated 
temperatures. Exposure to MPs alone, and alongside cadmium (Cd), resulted in increased oxidative stress. MP Also reduced the rate of 
weight gain, altered several neurotransmitter levels, and affected gut and gill microbial communities. Furthermore, exposure to 
nanoplastic has also reduced the fish’s swimming and predation performance [11,45–47]. 

The exposure of the endemic aquatic insect P. elektoros to MP increased the orgasnism’s mortality risk by approximately sevenfold. 
Furthermore, the combined effects of climate-change factors (increases in temperature and carbon dioxide) and MP exposure 
significantly reduced P. elektoros feeding, although MPs alone had no negative effects on the insect feeding [48]. 

Table 2 
Recommended short-, medium- and long-term management measures to microplastic (MP) pollution in the Amazon biome.  

Management Proposal Description Expected Impact 

Short-Term 
Waste management 

improvement 
Immediate improvements in waste collection, recycling, and disposal 
systems. 

Decrease plastic and MP input to the environment. 

Implementation of awareness 
campaigns 

Launch educational campaigns and actions targeting communities, 
industries, and stakeholders to raise awareness about the sources, 
impacts and mitigation of MP pollution. 

Increase public participation in the prevention and 
mitigation of MP pollution. 

Funding of science and 
research inniatitives 

Through stakeholders and institutions engagement, promote increase 
in fundings to allow research on plastic and microplastic pollution and 
mitigation 

Increase in quality and quantity of data and 
publications for the Amazon 

Policy enforcement Strengthen enforcement of existing environmental regulations on 
waste management and water treatment. 

Reinforce existing measures on plastic pollution, by 
applying the laws and regulations already approved 
by local states. 

Medium-Term 
Infrastructure improvement Improve sewage and waste treatment facilities to include technologies 

capable of filtering MPs, especially in urban centers. 
Reduce the input of MPs from urban runoff into the 
waterways. 

Building awareness, education 
and societal participation 

Foster educational programs in schools, universities and the third 
sector, to actively engage the different sectors of society for effective 
mitigation of plastic and MP pollution 

Stablishment of permanent programs to raise public 
awareness and consequently the reduction of plastic 
pollution 

Research and monitoring Expand comprehensive studies on distribution, sources, sinks and 
effects of MPs. Establish regular monitoring programs of MP pollution. 
Development of bio-plastics derived from local materials and biomass 

Improve knowledge for the academic community and 
data for informed decision-making. 

Long-Term 
Policy and regulation 

development 
Develop and implement regulations especificaly targeting the 
prevetion and the mitigation of plastic and MP pollution (e.g. banning 
of single use, disposable plastics). 

Systematic reduction in plastic and MP pollution from 
urban sources. 

Implementation of sustainable 
economic practices 

Promote and support sustainable practices and plastic-free alternative 
materials in industries such as fishing, agriculture, and tourism 

Long-term decrease in MP pollution sources. 

Restoration initiatives Initiate projects to restore affected habitats and investigate methods to 
reduce and recicle MPs from the environment safely. 

Rehabilitation of environment and reduction in MP 
impacts. 

Sustainable Urban Planning Integrate MP pollution control into urban planning and development 
policies to manage future growth sustainably. 

Prevent future MP pollution by considering 
environmental impacts in urban development. 

Economic Incentives Implement taxes and subsidies to encourage reduction in plastic use 
and enhance recycling efforts. Introduce regulations for industries to 
adopt bio-based polymers. 

Systematic reduction in MP pollution.  
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3.6. Remarks for future research 

Despite the overall limitations and the paucity of published papers, the available data indicate a widespread MP contamination in 
the environments and organisms of the Amazon region. All analyzed samples of sediment and water contained MPs, as well as half of 
the examined specimens. This scenario raises a number of concerns and highlights the urgent need to consolidate scientific capacity in 
countries of the Amazon region, aiming to improve the understanding of MP pollution patterns, which will, in turn, be essential to 
guide the implementation of effective measures to mitigate the impacts of these pollutants. 

The existing gap in the literature on MP pollution in the Amazon basin is still far from being filled. Current knowledge is nowhere 
nearly sufficient to draw reliable inferences on the source dynamics, spatial distribution, temporal variability, trophic transfer, and 
ecological effects of MPs in the region. There is thus a clear need to highlight the specific context and constraints to high-quality 
research in the developing countries of South America. Research in this region is typically limited by material and financial re
sources, as well as a lack of qualified personnel, research programs, and institutional support. Budgets are also usually far too limited to 
allow significant scientific progress. However, despite these obstacles, some countries, such as Brazil, still have succeeded in producing 
important research, often through international partnerships. 

While most of the studies identified here were conducted in the Brazilian Amazon, it is crucial to broaden efforts to encompass other 
regions within the Amazon biome, including Bolivia, Colombia, Venezuela, Suriname, and French Guiana, where no studies what
soever were found. Another shortfall in the available literature is that all the studies identified here were conducted in aquatic en
vironments, leaving a significant gap regarding contamination of the terrestrial sediments and biota. Furthermore, the biological 
studies focused on only four organism groups – fish, cnidarians, crustaceans, and insects –, with no studies on mollusks, annelids, 
echinoderms, amphibians, turtles, birds, reptiles, or mammals. It will be crucial to address these research gaps in order to better assess 
the risks associated with MP pollution for the local communities. This research should also contribute to the development of appro
priate legislation and regulations to prevent MPs from entering the trophic web and ultimately reaching the human species. 

No studies on the possible MP contamination of human populations in the Amazon were found. Local traditional and indigenous 
communities in this biome have a profound connection with the natural environment and rely on natural resources for subsistence and 
cultural practices. From the observed patterns of MP pollution, these communities are doubtless exposed to significant levels of 
contamination, with increasing risks to their health. It is of the utmost importance to direct research efforts toward a better under
standing of the level of exposure of these communities to MPs, and the potential health hazards. 

Investigation of the occurrence of MPs and identification of their composition are essential steps in understanding the extent of MP 
pollution in the Amazon region. A comprehensive understanding of the primary sources and dispersal patterns will be essential for the 
development of effective mitigation strategies to reduce emissions of these pollutants. To our knowledge, the present study is the first 
to evaluate the potential primary sources of MPs in the region. Future research should consider a more systematic investigation of 
sources such as wastewater discharge, runoff, industrial activities, landfills, and others. 

Another pattern observed here is the general lack of experimental studies, which can provide valuable insights for assessment of the 
persistence, accumulation, and potential biological and ecological impacts of MPs. These data are essential for modeling and predicting 
the long-term consequences of MP pollution on biodiversity, which will also be essential for the development of effective conservation 
and management strategies. 

Ultimately, we strongly encourage implementation of local scientific meetings and workshops to discuss the growing problem of 
MPs in the Amazon region and coordinate research and management efforts. Any such initiative should aim to bring together regional 
and international experts in the field, to address the environmental problems and health risks associated with MP contamination in the 
biome from biological, physical, and chemical perspectives, as well as determining priority areas for research and establishing a 
collaborative network for the Amazon region as a whole. Additionally, recommended short-, medium- and long-term management 
measures to MP pollution in the Amazon are provided in Table 2. 

4. Conclusions 

This review has revealed the emergence of the problem of MPs in the Amazon biome, and the urgent need to improve current 
knowledge of this growing impact. Despite the methodological flaws and intrinsic limitations of the studies identified here, the 
available data clearly reveal the ubiquity of MPs in the surface waters, sediments, and living organisms of the whole Amazon basin. 
Secondary MPs, in the shape of fibers, were predominant, while the presence of pellets is still limited, although the debris analyzed in 
the different studies included an ample range of size, shapes, colors, and polymer composition. The potential long-term impacts of 
these pollutants nevertheless remain unclear. Consolidating scientific capacity will be the key to the evolution of MP research in the 
countries of the Amazon region, in both the quantity and quality of published data. Building networks, enhancing the exchange of 
personnel and information among institutions, implementing intensive training and workshops, and establishing international part
nerships will be effective strategies, not only for the advancement of MP research in the Amazon region, but also the development and 
consolidation of management efforts. 

Capsule 

Even considering their specific limitations and intrinsic flaws, the studies identified in this review revealed the ubiquity of microplastics in the 
water, sediments, and biota of the diverse environments of the Amazon biome. 
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